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Abstract

Short columns in reinforced concrete (RC) structures are particularly vulnerable to seismic actions.
Even though steel reinforcement can be designed to impart adequate ductility, the deformability of these
structural members is limited by the relatively low strain capacity of conventional concrete (CC).
Recent research on rubberized concrete (RuC) and confined RuC has shown that this novel material can
develop significant axial and lateral strain and it holds great potential for the development of innovative

structural solutions for applications where large deformations are required.

This study aims to investigate the use of confined rubberised concrete (CRUC) in elements with high
shear deformation demand, as well as provide a proof-of-concept for a cost-effective base-isolation

system made of confined rubberised concrete columns.

The first part of this study examines the behaviour of short columns in a one-bay one-storey building
made of conventional RC. The building collapsed with the brittle failure of the short column at a small
drift ratio of 0.37% for the unrestrained column. The experimental results are used to validate a
numerical model in Abaqus, which in turn is used to develop a strut and tie model (STM) to predict the
behavior of RC short columns. The validated numerical and analytical models are utilized to investigate
the use of highly deformable CRuC short columns. The results show that CRuC enables the
development of high ductility/deformability in the columns and promotes stress redistribution within

the frame, thus offering a viable solution for enhanced global capacity and deformability.

The seismic behaviour of two buildings with short columns is examined in the second phase of this
study through a series of shake-table tests. While the conventional RC building exhibited short column
failure, the building with CRuC short columns (CRuC-EQ) was able to withstand 25% more peak
ground acceleration (PGA) than the CC building (2.0g), without showing any sign of severe damage.
The CRuC short columns were able to achieve up to 7.7% drift ratio, compared to 2% for the CC short
columns. The analytical STM developed was modified to fit each building and the models were
subjected to the same seismic load protocol as per the experiment. The experimental and numerical

results show a good agreement, which validates the model for seismic modelling.

The last part of this study investigates both experimentally and analytically the concept of a CRuC base-
isolation system. The low stiffness bilinear behaviour of CRuC can be exploited to provide high
damping through hysteresis, as well as lengthen the natural period of the structure to lessen the
acceleration response. The CRUC-EQ building was mounted on four CRuC isolators and then tested on
a shake-table with the same seismic load protocol. The isolators exhibited large drift ratios (up to 17%),
and they successfully reduced the response of the superstructure at high PGA values. The concept of a
CRuC base-isolation system was further examined through a series of numerical analyses and it was
found that the implementation of such an innovative solution can successfully reduce inter-storey drift

(up to 67%), base-shear (up to 32%), and base-moment (up to 62%).
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Chapter 1: Introduction

1.1  RESEARCH MOTIVATION

The relatively high material stiffness of unreinforced conventional concrete (CC), along with
its inherent limited ductility, can be undesirable during earthquakes, as the action that structural
elements attract is proportional to their stiffness. For the same displacement, a stiffer structure
will attract higher lateral loads, while more flexible and ductile structures can resist the seismic

movements and generate lower lateral forces (base shear).

Current seismic codes (e.g. ACI 318-14 (ACI Committee 318, 2014), and Eurocode 8 (EN
1998-1, 2004)) aim to design reinforced concrete (RC) structures that can meet desired
performance levels in terms of ductility and energy dissipation capacity. However, these two
structural properties are limited by the deformation (strain) capacity of RC structural elements
and connections. Although a target ductility can be achieved by confining concrete with proper
detailing of the steel reinforcement, large amounts of lateral reinforcement (links/stirrups) are
often required to increase the inherently low strain capacity of concrete to acceptable values.
This complicates the construction process, and hence increases overall costs. Systems like base
isolation, viscous fluid dampers, friction dampers, and many other passive and active control
devices have also been developed to enhance energy dissipation and reduce the base shear
demand on the structure as well as the inter-storey drift. Some of these devices utilize laminated
rubber to achieve large deformation and energy dissipation. However, these devices are
expensive and complicated to install and require regular maintenance and monitoring, which
makes them not ideal to be used in developing countries. Enhancing the deformation capacity
of concrete, at the material level, could pose as a passive and inherent solution that can lead to
more ductile RC elements. Such a solution would allow for engineers to utilise the enhanced
concrete properties in high ductility demand regions of the building, by simply designing

specific structural elements with the enhanced stress-strain properties.




Chapter 1: Introduction

1.2 RUBBERISED CONCRETE AND POTENTIAL APPLICATIONS

A possible candidate material for the development of highly deformable elements is
Rubberised Concrete (RuC), where crumb rubber particles derived from waste tyre shredding
replace part of the aggregates in the concrete mix. While the inclusion of rubber aggregates can
reduce the compressive strength and the Young’s modulus of concrete, RuC can develop higher

axial strains than CC for the same level of applied stress (Raffoul et al., 2017).

In the UK alone, it is reported that 30 M scrap tyres are disposed of annually, and globally this
figure reaches 1 Billion (Rahman et al., 2012). In 2010, Post-Consumer Tyre arisings for EU
countries were found by ETRA to be 3.4 M tonnes per year (ETRA, 2010). Around 48% of
these arisings gets dumped in landfills or incinerated for energy recovery. However, the EU
Waste Framework Directive discourages incineration as a disposal method, thus it is desired
that as many tyres and/or their constituents are re-used in preferably high value applications
because of their excellent intrinsic physical properties. Legislative authorities alongside
researchers have realised the need to push forward the concept of circular economy and reusing
by-products of one industry in another. The Anagennisi project, which was funded under the
7th Framework Programme of the European Commission in 2014-2017, examined the
feasibility of reusing all tyre components in concrete with the aim to develop innovative
structural solutions and applications (Pilakoutas, 2017). One of the main hypotheses of
Anagennisi was that rubber crumb can partially replace aggregate to lead to a more

deformable/ductile concrete, owing to the relative low elastic modulus of the rubber.

While RuC on its own may not be viable for structural applications, however, confined RuC
(CRuC), via Fibre Reinforced Polymer (FRP) jacketing, retains the high lateral and axial
deformability of RuC, while increasing the axial capacity of the confined section. Although a

considerable amount of work has already been done to characterise the mechanical properties
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of RuC and CRuC, and examine experimentally the behaviour of structural elements

incorporating the two materials, there is a need to explore the effect of using CRuC elements

on the overall performance of more complex structural systems.

Depending on the type of structural application and construction limitations, the use of RuC

and CRuC could aid the development of innovative structural systems, such as:

1) Coupling beam systems: where beams (acting as shear links) are used to connect two

independent systems, such as shear walls, or as link beams between a moment resisting

frame to a shear wall (Figure 1.1). Coupling beams are designed to resist large shear

forces and dissipate energy through shear deformation.

High shear deformation
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Figure 1.1: Undeformed and deformed shape of a moment resisting frame connected to a shear wall with confined

rubberised concrete shear links

2) Plastic hinge zones in RC structures: CRuC can undergo large inelastic deformations,

which in turn will enable greater energy dissipation and enhance the ductility of the

structure. (example: column ends, or dog-bone concrete connections).
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3) Integral bridges: CRuC could be used in portions of the piers and abutments to increase

the deformability of the connections, whereas RuC could be used in the transition slab

to accommodate the displacement of the bridge deck.

4) Base-isolation systems (Figure 1.2): where the deformation, and hence damage, is

localised in the base-isolating foundation, thus protecting the superstructure in the event
of a severe earthquake. The low Young’s Modulus of RuC (Raffoul et al., 2016) and its
energy dissipation properties (Xu et al., 2018) could be exploited to increase the
flexibility of the structure and shift its natural period, which would reduce the response

acceleration during an earthquake.

CRuC base- CRuC base-
isolation system isolation system
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Confined rubberized concrete stub columns Confined rubberized concrete stub columns
(acting as base-isolators) (with additional damping devices)

Figure 1.2: Base-isolation using rubberised concrete stub columns with and without additional damping devices
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5) Structural elements with high shear and deformability demand: typical examples

include short columns (Figure 1.3), and short elements in eccentrically braced RC
frames (Figure 1.4). Such elements are prone to fail in a brittle manner in the event of

a severe earthquake.

Confined Rubberised
Concrete (high ductility)

X-type failure in
concrete short columns

Figure 1.3: Behaviour of short columns made of CC (left) and CRuC (right) under lateral loading
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Figure 1.4: Shear links made of CRuC in eccentrically braced RC frames
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13

AIMS AND OBJECTIVES

The aim of this research is to leverage the unique mechanical properties of CRuC and develop

innovative, cost-effective structural solutions for seismic applications.

To achieve this aim, a series of large-scale experimental tests were carried out and

complemented by analytical and numerical analyses. The main objectives of this research are

summarised as follows:

1)

2)

3)

4)

5)

6)

Examine the behaviour of an RC building with CC short columns subjected to
monotonic cyclic lateral loading, in order to investigate the main resisting mechanism

and associated failure mode.

Develop a reliable Finite Element (FE) modelling technique for the building tested in

1) and gain additional insights into the behaviour of short columns.

Based on the outcome of objectives 1) and 2), develop an analytical model that can
accurately capture the behaviour of reinforced CC short columns and that can be easily
implemented in current software frameworks for simulating the seismic response of

structural systems.

Examine and compare, both experimentally and analytically, the seismic performance

of RC buildings with CC short columns and the novel CRuC short columns.

Extend the analytical model developed in 3) to account for the CRuC material in the
short columns, and validate the model against the results of the shake-table tests

performed in 4).

Investigate experimentally and analytically, the concept of using CRuC elements as a

base-isolation system.
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1.4  THESIS LAYOUT

This thesis comprises six chapters and three appendices. Chapters 1, 2, 5 and 6 are written in
the conventional thesis format, while Chapters 3 and 4 are presented in a format suitable for
publication and are to be submitted to ACI structural Journal, and Bulletin of Earthquake
Engineering, respectively. A description of these chapters and how they address the aim and
objectives is given below.

Chapter Two presents the background information that is related to the various aspects of this
thesis; namely, the mechanical behaviour of RuC and CRuC at the material and structural

element level, the behaviour of short columns, and the concept of base-isolation.

Chapter Three investigates the behaviour of short columns by testing a one-bay one-storey
building with CC short columns under lateral loading (Objective 1). The results are then used
to validate an FE model of the building (Objective 2). An analytical model is proposed and
implemented in OpenSees (Mazzoni et al., 2009) to predict the behaviour of a frame with short
columns, and the output is compared to the experimental results (Objective 3). The FE model
and the analytical model are then extended to include CRuC short columns. The results of the
numerical investigations are used to compare the performance of the two structural solutions

and examine the contribution of the newly developed high deformability elements.

Chapter Four extends the work presented in Chapter 3 and examines both experimentally and
analytically the seismic behaviour of two otherwise identical RC buildings with conventional
CC short columns and CRuC short columns (Objective 4). The experimental response of the
two buildings is compared in terms of observed damage, period elongation, drift in the short
columns, roof acceleration, and strain in the reinforcement. The analytical model developed in
Chapter 3 is modified and adapted to simulate the tested buildings, and a series of dynamic
analyses are performed implementing the same seismic load protocol as in the experiments.

The results are compared in terms of displacement time-history (Objective 5).
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Chapter Five explores both experimentally and numerically the concept of a base-isolation
system made of CRUC columns (Objective 6). The building with CRuC short columns tested
as part of the experimental programme described in Chapter 4 was retrofitted, mounted on top
of four circular CRUC columns, and subjected to the same seismic record and load protocol.
The performance of the CRuC base-isolators is examined in depth, and the response of the
superstructure, with and without base-isolation, is compared. The second part of the chapter
extends the experimental work and provides a comparative evaluation of the performance of a
fixed-base building and a CRuC base-isolated building subjected to dynamic loading through
a series of non-linear numerical analyses (Objective 7). The response is compared in terms of
natural period of the two structures, inter-storey drift, roof displacement and acceleration, and

base-shear and base-moment.

Chapter Six summarises the research work done, highlights the general conclusions from

Chapters 3-5, and gives recommendations for future work.
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Chapter 2

Literature review

This chapter provides a literature review on the material properties of
unconfined and confined rubberised concrete. In addition, the effect of
using RuC and CRuC in structural elements such as beams, columns,
and joints is compiled from previous research. Finally, some of the
possible structural applications of confined rubberised concrete are
conceptualised to utilise its unigue high ductility.
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2.1 PROPERTIES OF RUBBERISED CONCRETE

Compared to conventional concrete, RuC has been reported to have a lower compressive and
tensile strength, lower elastic modulus, and lower flexural strength (Siddique & Naik, 2004;
Najim & Hall, 2010; Pacheco-Torgal et al., 2012; Raffoul et al., 2016; Rashad, 2016;
Mohammed et al., 2017; Strukar et al., 2019; D. Li et al., 2020; Habib et al., 2020; Wang et al.,
2020; Yi et al., 2020, 2021; Youssf et al., 2020; Roychand et al., 2020). The compressive
strength of RuC with 100% rubber content can be up to 90% lower than that of conventional
concrete (Toutanji, 1996; Khatib & Bayomy, 1999; Sukontasukkul & Chaikaew, 2006;
Batayneh et al., 2008) and the decrease in strength and stiffness is proportional to the percent
replacement of rubber in the mix. Figure 2.1 shows the stress versus axial and lateral strain of
RuC cylinders with various fine rubber content tested in uniaxial compression. The

identification 10F corresponds to 10% fine rubber replacement by volume of aggregates.
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Figure 2.1: Uniaxial compressive stress-strain behaviour of RuC with fine rubber replacement (Raffoul et al., 2017)

Table 2.1 shows the mechanical properties of unconfined RuC with different percentages of

rubber replacement and particle size, taken from the research by Raffoul et al., 2017.
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Table 2. 1: Mechanical properties of unconfined RuC with different rubber contents and particle size

ID % of Fine % of Coarse Total aggregate  fc (MPa) Ec (GPa)  &cp (ue) clp (ue)  ecLop (ue)
rubber rubber replaced (%)

Plain 0 0 0 61.7+4.1 39.4 2180 885 550
10F 10 0 4.5 53.4+2.1 38.8 1900 890 560
20F 20 0 9 43.2+4.3 35.6 1840 1000 415
40F 40 0 18 32+0.9 - - 1745 -
60F 60 0 27 20.6+1 - - 1280 -
100F 100 0 45 9.6+0.7 19.9 1140 1925 150
10C 0 10 5.5 45.9+3.1 38.7 1830 695 390
20C 0 20 11 35.5+6.4 37.0 1590 700 310
40C 0 40 22 25.3+4 26.9 1670 290
60C 0 60 33 15.8+4.3 20.5 1430 3040 230
100C 0 100 55 8.7+1.4 14.0 1080 1440 150
40F&C 40 40 40 10.5 18.3 1320 3005 125
60F&C 60 60 60 7.1+1.2 11.4 1420 3565 135

The fine rubber particle size is 0-5 mm, whereas the coarse rubber was of two size gradation, 5-10 mm, and 10-20 mm. fc is the compressive

strength in MPa, Ec is the modulus of elasticity, €cp and &cip are the axial strain and lateral strain at fc, respectively. scLop is the axial strain at the

limit of proportionality (LOP), which is an indicator of the start of microcracking.
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As can be seen from Table 2.1, with the increase in total percentage of aggregate replacement,
there is a decrease in the compressive strength of RuC, as well as its young’s modulus and peak
axial strain. However, the lateral strain at peak strength increases with increase in rubber
content. This lateral expansion may be utilised to increase the efficiency of lateral confinement.
The lower strength can be mainly attributed to the a) low stiffness and high Poisson ratio of
rubber, resulting in stress concentrations within the mix, b) rubber’s hydrophobic nature that
causes weak rubber-cement matrix bonding, ¢) increased porosity and air content, and d) higher
mix non-homogeneity due to difference in aggregate densities (G. Li et al., 2004; Bignozzi &
Sandrolini, 2006; Ganjian et al., 2009). Using pre-treatment methods, such as soaking the
rubber aggregates in water or chemicals like sodium hydroxide or sulphuric acid, and using
various additives in the concrete mix, like fly ash or silica fumes, can address some of the issues
indicated above and has been shown to improve the performance of rubberised concrete
(Siddika et al., 2019, 2020). For example, pre-treating the rubber particles with Acetone or
Methanol breaks down the zinc stearate coating off the surface of rubber, which increases the
roughness and hence the bonding with the cement paste (Sugapriya & Ramkrishnan, 2018).
Pre-treatment with Acetone showed the best improvement with an increase in compressive
strength of 28% compared to the untreated RuC samples, while Methanol treatment increased
the strength by 22% (Rivas-Vazquez et al., 2015). Sodium Hydroxide pre-treatment has shown
to improve the compressive strength of rubberised mortar by up to 36% (Mufioz-Sanchez et al.,
2017) (rubberised mortar was made with rubber particles of size <4 mm).

Despite the apparent reduction in the static mechanical strength properties for RuC when
compared to CC, recent research studies have reported that RuC has higher ductile performance,
as well as larger vibration damping coefficient and energy absorption (Zheng et al., 2008;
Najim & Hall, 2012; Liu et al., 2013; Xue & Shinozuka, 2013; Moustafa et al., 2017; Pham et

al., 2018; Eltayeb, Ma, Zhuge, Youssf, Mills, et al., 2020). RuC also has a much softer post-
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peak behaviour, specifically under shear stress, which enhances ductility and energy absorption
(Xu et al., 2018). More importantly, RuC has the ability to expand laterally under uniaxial
compression up to 300% more than CC. The large lateral expansion of RuC can in turn be
exploited to activate and exploit the possible confinement provided by a lateral reinforcement,
thus increasing the axial capacity. For example, by confining RuC with FRP, the high lateral
expansion enables a higher exploitation of the confining FRP and can result in confined

strengths up to 10 times the unconfined one (Raffoul et al., 2017).

2.2 PROPERTIES OF CONFINED RUBBERISED CONCRETE

2.2.1 Mechanical properties of CRuC

To recover the strength and exploit the potential deformation capacity that RuC can offer,
recent research has examined the use of FRP confinement to produce FRP confined rubberised
concrete. Li et al. (2011) tested CRuC cylinders cast in prefabricated Glass FRP (GFRP) pipes
(Li et al., 2011). Relatively low aggregate replacement volumes were used for fine (15% and
30% of fine rubber) and coarse (15% of coarse rubber) aggregates. Whilst GFRP CRuC was
up to 5.25 times stronger than unconfined RuC specimens, relatively low compressive strengths
of 16.3 to 22.9 MPa were achieved. Moreover, the ultimate axial strain at failure of the CRuC
cylinders was only 1.2%, which is similar to the ultimate strain of normal FRP-confined
concrete. Youssf et al. (2014) tested CRuC cylinders cast in preformed Carbon FRP (CFRP)
tubes (Youssf et al. 2014). Low fine aggregate replacement volumes of 0%, 5%, 10% and 20%
of crumb tyre rubber were used in the mixes. The compressive strength of CFRP CRuC
cylinders ranged from 61.7 MPa (for 1 CFRP layer) to 112.5 MPa (for 3 CFRP layers), thus
being suitable for structural applications. However, the stress-strain behaviour of the CFRP
CRuC cylinders and CFRP-confined conventional concrete cylinders was similar, and
therefore the deformability potential of rubber was not realised. More recently, Duarte et al.

(2016) tested “short” RuC columns confined with cold formed steel tubes (Duarte et al. 2016).
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In this case, only the coarse aggregate was replaced with rubber (5% or 15% volume
replacement). Whilst the columns’ ductility was increased by up to 50%, the use of steel tubes
promoted local buckling and limited the capacity of the specimens. Based on these results, it is
evident that the use of small volumes of rubber aggregate replacement (below 20-30%) is
insufficient to achieve a highly deformable CRuC that can be used in structural applications.
However, whilst large volumes of aggregate replacement are expected to promote a better use
of the properties of rubber, several technological challenges needed to be solved to mitigate
the negative effect of rubber on the fresh and hardened properties of CRuC. Raffoul et al.
(2017) tested CRuC cylinders with 60% rubber replacement by volume of both fine and coarse
aggregates, confined with two and three layers of Aramid FRP (AFRP) (Raffoul et al., 2017).
The three-layer CRUC cylinder reached an ultimate strength of 75 MPa, at which the AFRP
ruptured, and an axial strain of around 5% was recorded, which is 14 times more than the CC

counterpart (Figure 2.2).

Figure 2.2: Failure of CRuUC cylinder by rupture of AFRP (Raffoul et al., 2017)

Similar research work was done on RuC with 50% rubber replacement by volume, confined
with various layers of CFRP (Tufail et al., 2019). Similar to Raffoul et al. (2017), Tufail et al.

noted that the effectiveness of the confinement was best for aggregate replacement of both fine
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and coarse rubber. Despite the relatively higher stiffness of CFRP, the CRuC cylinders
sustained up to 4.6% axial strain, at an ultimate compressive strength of 56 MPa. Wang et al.
(2019) tested the shear behaviour of CRUC prims with asymmetric shear tests, with shear span-
to-depth ratio of 0.5, 0.75, and 1 (Wang et al., 2019). 60% of the total aggregate volume was
replaced with fine and crumb rubber particles, and the samples were confined with one layer
of CFRP. Wang et al. noted a bilinear shear stress-strain behaviour, with shear deformations
up to 40 times those observed in RuC specimens (2.7% shear strain) (Figure 2.3b). In a related
study, Wang et al. (2021) examined the axial behaviour of FRP CRuC and compared the
experimental results with predictions obtained from stress-strain models developed for FRP
confined CC (Wang et al., 2021). The study reported that the confinement effectiveness of
CRuC was much higher than that of the confined CC specimen. Also, the CFRP confined
specimen, in general, had lower confinement effectiveness than that of AFRP; an ultimate axial
strain of 5.7% was measured for the three layers AFRP CRuC (Figure 2.3a). The study also
concluded that the FRP confinement models for CC are unable to predict the behaviour of

CRuC, specifically for the second branch of its uniaxial compressive bilinear behaviour.
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Figure 2.3: (a) Uniaxial compressive stress-strain behaviour of RuC, and AFRP and CFRP CRuC, and (b) shear stress-

strain behaviour of RuC and CRuC (Wang et al., 2019, 2021)
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The inclusion of rubber particles inside the concrete mix alters the constitutive response of the
hardened RuC and affects the way in which lateral confinement is mobilised. For instance,
volumetric contraction has been observed in CRuC cylinders with high level of confinement,
which is opposite to what is typically observed in comparable confined CC cylinders (Raffoul

etal., 2017; Wang et al., 2021).

2.2.2 Uniaxial compressive constitutive models for CRuC

Although, additional research is required to examine in more depth the macro- and micro-
characteristics of CRuC, two models have already been proposed to predict with good accuracy
the constitutive uniaxial behaviour of CRuC (Raffoul et al., 2019; Bompa & Elghazouli, 2021).
The model developed by Raffoul et al., 2019, is an analysis-oriented behaviour model that can
predict the axial and lateral stress-strain of FRP-confined CRuC. The model makes use of the
confinement model of Mander et al.,, 1988, and the lateral-to-axial strain relationships
developed by Papastergiou, 2010. The stress-strain output requires an incremental iterative
procedure based on the previous two models.

The model developed by Bompa & Elghazouli, 2021, is a design-oriented constitutive model
for FRP-confined concrete with and without rubber content. Unlike Raffoul’s model, this one
uses the uniaxial rupture strain of the confining jacket as the ultimate fracture point, with design
factors to account for the fact that the actual rupture of the jacket around a cylinder is usually
less than the uniaxial rupture strain. This model utilises a constitutive model, developed by the
same authors, that predicts with high accuracy the behaviour of RuC cylinders (Bompa et al.,

2017).
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2.3 STRUCTURAL ELEMENT TESTING OF RUC AND CRUC
Several studies were performed to investigate the behaviour of structural elements
incorporating RuC and CRuC:

Columns under uniaxial compression

e Son et al. (2011) explored RuC rectangular reinforced columns with varrying rubber
replacement (2.7-5.4%) by volume of fine aggregates under pure axial compressive
load. The uniaxial compressive strength of the RuC cylinders decreased with increasing
the rubber content, 12-20% reduction, and the elastic modulus also decreased by 10-
15%. The compressive load-carrying capacity of the column specimens also decreased
with increasing the rubber content by up to 18-32%. However, what was notable is that
the RuC columns were able to undergo lateral deformations that were up to two times
larger than those of regular concrete columns (Figure 2.4), which provided higher
energy dissipation capacity and ductility (Son et al., 2011). The RuC columns exhibited

between 45-90% higher curvature ductility than their CC counterparts.

Figure 2.4: Failure mode of RC columns with tyre rubber particles (Son et al., 2011)
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Columns under uniaxial compression and cyclic lateral loading

Youssf et al. (2015) investigated reinforced RuC circular columns under axial and
reverse cyclic lateral loading. The rubber replacement by volume of fine aggregates
was 20%. Damping, snap-back tests, and a final cyclic test until failure were performed
on three columns, including two conventional concrete and one RuC columns. The use
of RuC led to an increase in the hysteric damping ratio by 13% and in energy dissipation
by 150% as compared to the CC specimens. The ultimate lateral strength and
deformability of the three columns was similar, but that is attributed to a relatively low

rubber percent replacement (Youssf et al., 2015).

Youssf et al. (2016) tested the reverse cyclic lateral behaviour of columns made of CC
and RuC confined with zero, two and four layers of CFRP (Youssf et al., 2016). The
researchers noted that the higher the confinement ratio, the higher the ultimate drift and
peak strength of the column were; doubling the confinement thickness increased the
peak strength and the ultimate drift of the CRuC columns by 11.5% and 53.8%,
respectively, and the plastic hinge length was increased by 19%. Also, the confinement
effectiveness for the CRUC columns was 9% higher than that of the CC ones. The
rubberised concrete columns increased the maximum tensile and compressive strains

measured on the rebar steel by 1.1 and 1.4 times, respectively.

Elghazouli et al. (2018) investigated the behaviour of RC columns, with 0, 45, and 60%
rubber replacement by total volume of aggregates, and confined with 0, 2, and 3 layers
of AFRP (Figure 2.5). The columns were tested monotonically under reverse cyclic
lateral loading with sustained axial loading. The RuC specimen exhibited softer
crushing behaviour than CC, which favoured higher ductility and energy dissipation.

The CRuC columns showed a very stable hysteretic response owing to the high
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confinement effectiveness. The authors also concluded that RuC columns were 50%
more ductile than their CC counterparts, while the CRuC columns were 40% more
ductile than the unconfined RuC columns (Elghazouli et al., 2018). Similar to the
observation by Youssf et al. (2016), the plastic hinge length varied between 29-39% of
the moment length of the members, which was higher than the conventional concrete

members.

Figure 2.5: (a) RuC column, and (b) CRuC column tested in reverse cyclic loading

Beams under four-point bending

Ismail and Hassan (2016) investigated the flexural performance of 12 self-consolidating
reinforced RuC beams under four-point bending. The rubber replacement by volume of
fine aggregates varied from 0-50%. As expected, the added rubber deteriorated the fresh
and mechanical properties of the concrete, as well as decreased the flexural stiffness of
the beams. It was reported that using up to 10% fine-rubber replacement improved the
beam’s deformation capacity, ductility and toughness, without affecting the ultimate

flexural strength. An increase in rubber replacement up to 20% led to a slight decrease
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in the ultimate flexural load, while more that 20% replacement had significant adverse

effects on the moment capacity of the beam (Ismail & Hassan, 2016).

Columns under seismic loading (shake-table)

e Moustafa et al. (2017) performed shake-table tests on reinforced CC and RuC columns
with 20% replacement by volume of the fine aggregates (Moustafa et al., 2017). The
strength of the RuC column was 3% less than the CC column, however, it had a 12.5%
higher drift capacity, and a 16.5% more energy dissipation. The RuC column showed
higher hysteresis and viscous damping. Interestingly, the fracture of the steel
reinforcement was delayed for the RuC and it occurred at a level corresponding to 190%
of the design earthquake, compared to 140% for the CC, which allowed the column to

maintain its integrity up to 5.4% drift.

Joints under reverse cyclic loading

e AbdelAleem and Hassan (2018) investigated self-consolidating RuC beam-column
joints under reverse cyclic loading, with percent rubber replacement from 0-25%
(AbdelAleem & Hassan, 2018). The researchers found that for rubber replacements up
to 15%, the reduction in load carrying capacity was minimal (up to 10%), whereas the
ductility increased by 18.7% and the energy dissipation increased by 20.9%. A rubber
replacement of 25%, however, changed the failure mode of the joints from yielding at

the beam to joint shear failure, which in turn resulted in limited deformability.
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24 POSSIBLE APPLICATIONS OF CONFINED RUBBERISED CONCRETE

As discussed in the previous sections, the unique mechanical and physical properties offered
by CRuC can enable the development of novel RC structural solutions for applications where
large deformations are desirable. Some of the most promising applications for CRuC are

discussed in the following.

2.4.1 Coupling beams

Coupling beams are elements that link together two separate items such as shear walls in order
to add stiffness to the structure, and enhance its lateral resistance. During events of lateral
loading on the structure, these beams undergo large shear deformations and must be able to
sustain high shear forces over several cycles (Elghazouli, 2011). Special reinforcement
detailing is often required to accommodate the high shear forces that develop in coupling beams
and ensure an adequate degree of ductility. One such detailing solution was developed in 1974
by Paulay and Binney (Figure 2.6), which involves the use of heavy diagonal reinforcement,
as opposed to the conventionally reinforced coupling beams with horizontal reinforcement
(Paulay & Binney, 1974). While some design codes (ACI Committee 318, 2014) have adopted
and recommend the use of this detailing solution for coupling beams, it remains a challenge to
assemble such complicated steel cages, and the cost of construction increases due to the large
amounts of steel used. The brittle nature of CC also needs to be considered carefully as it

severely limits the strain capacity of these elements.
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Figure 2.6: Conventionally reinforced versus diagonally reinforced coupling beam

Escolano-Margarit et al. (2017) performed numerical and experimental pushover analyses on
coupling beams with 60% rubber replacement by volume of total aggregates and confined with
two layers of AFRP (Escolano-Margarit et al., 2017). The beams were tested under reverse
cyclic loading and the results showed that CRuC beams can develop up to 4 MPa shear stresses,
with a stable hysteresis behaviour. In addition, the CRuC beams exhibited a lower stiffness
degradation, and a higher deformation capacity (an ultimate rotation of 8%) than the equivalent
CC beams. The energy dissipated by the CRuC beams was up to 20% higher than that of the
CC beams.

Although further experimental and numerical research is needed to confirm the benefits of
using CRuC in coupling beams, a combination of proper detailing and a highly deformable

concrete composite could offer a viable and cost-effective solution.
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2.4.2 Short columns

In structures located in seismic-prone areas, the geometry of structural elements and their
relative stiffnesses affect significantly load distribution, and can limit structural performance.
For instance, short columns are typical examples where the relatively high stiffness of the
element could lead to catastrophic failures (Yamada & Furui, 1966). A common classification

of short columns is by the relation of the end forces acting on the member as follows:
a; = (M/Vl) < 2.5, where a; is the shear ratio, M is the end moment, V is the shear force,

and | is the width of the column (Wakabayashi & Minami, 1972; Yamada & Furui, 1968; Zhou
& Hong, 2000; Moretti & Tassios, 2006). Although design codes advice to avoid short columns,
architectural features may necessitate them, e.g. in partially buried basements, stair and
platform connections, mezzanine floors, and buildings on sloping grounds (Figure 2.7). Short
columns can also be created unintentionally when non-structural partial infill walls or parapets
are added between columns. The behaviour of short columns is dominated by shear and
therefore (if inadequately detailed) brittle failures can occur, with limited yielding and force
redistribution (Figure 2.7,a,b,c,d,e,g) (EERI, 1996).

Hosseini & Mostofinejad studied the seismic performance of RC short columns where they
emphasised the danger of the predominant shear failure mode of these columns. The authors
indicate that plastic hinges form at low drift ratios for short columns, hence, it is not only
enough to provide adequate shear capacity, but it is required to strengthen the flexure capacity
as well, in order to transfer the plastic hinges to the beams (Hosseini & Mostofinejad, 2021).
FRP confined members support both the shear and flexural behaviour, and with RuC those

members can accommodate for large displacements.
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Figure 2.7: (a,b,c,g) Short column failure (crushing, and X-type cracking) during earthquakes caused by partial infill (EERI, 1996; Guevara
& Garcia, 2005); (d) Experimental test on concrete frame with partial infill under lateral load (Pineda, 1994); (e, i) Short column caused by

stair connection; (f,h) Short column caused by partially buried basements (Duran et al., 2020)

Experimental and analytical tests on partially infilled RC frames, performed by Chiou et al.,
1999, show that the partial infill causes a short column effect, and localised the damage in the
short column leads to severe shear failure. The partially infilled frame drift was 50% less than

that of the bare RC frame at peak strength (Chiou et al., 1999). Similar analytical work was
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performed by Tanganelli et al., 2013, to investigate the influence of infill panels on the seismic
response of RC buildings, and they concluded that the short column effect increases the shear
demand drastically on the column, which increases the complexity of the design.

Modelling the behaviour of short columns is not straightforward due to their short span-to-
depth ratio, which makes it difficult to decouple the flexure and shear interaction (Moretti &
Tassios, 2006). One method that has been utilised to model structural elements with this
complex behaviour, is the global truss model (Y.-A. Li & Hwang, 2017). The truss model is
based on the strut and tie method along with defining the load path within the structural element.
The behaviour of shear walls, coupling beams, deep beams, and short columns has been
modelled with decent accuracy using the truss model (Hwang et al., 2001; Kassem, 2015; Zhi
et al., 2017). Further research, however, is needed to develop a strut and tie model that can
predict the behaviour of short columns with the post-peak degradation, and be able to
accommodate for CC and RuC material input.

If short columns are necessary, the use of construction materials that can develop high
deformation and rotational capacity (such as CRuC) would promote force redistribution,
increase energy dissipation and lead to a more efficient design. However, research, both
experimental and numerical, is needed to verify the potential of CRuC at improving the shear
behaviour of short columns under seismic load. Conventional seismic analysis tools based on
fibre element cannot efficiently account for the shear dominated behaviour of short columns,
hence there is a need for the development of new suitable elements for the analysis of structures
with short columns, and adapt those elements to be able to model and analyse structures with

CRuC short columns.
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2.4.3 Base-isolation

Seismic isolation relies on the concept of decoupling a building from the ground, such that
horizontal ground movements are not transmitted to the structure (Naeim & Kelly, 2000). The
base-isolation system elongates the fundamental period of vibration of the overall structural
system, thus reducing the force demand on the structure during an earthquake (compared to an
equivalent fixed-base building). However, while the spectral accelerations are reduced, the
base-isolation system increases the displacement demands (Grant et al., 2005). These
displacements are localised at the foundation level, and can be accommodated by the isolation
system (Figure 2.8 right). Effective base-isolation systems can accommodate these large
displacements, dissipate the energy, and transmit minimal accelerations into the structure. As
such, the base-isolating units must be ductile enough to sustain significant forces at large
deformations, as well as be able to dissipate energy. The higher energy dissipation of the system
also lowers the force demand (less acceleration response), but also lowers the displacement

demand.
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Figure 2.8: Spectral acceleration (left) and displacement (right) for a fixed-base (low damping) versus base-isolated (high

damping) building

The most common seismic isolation devices used in buildings are elastomeric bearings (rubber

and lead-rubber bearings) and sliding bearings (or friction pendulums) (Figure 2.9). While both
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systems aim to achieve the same result of isolating the structure, they each function in a
fundamentally different manner (Eréz & Desroches, 2013). The friction pendulum system
forces the structure into a pendulum motion, as the plates of the system glide against each other,
dissipating hysteretic energy via friction. The curvature of the concave surface of the friction
pendulum determines the period of the isolator, regardless of the mass of the superstructure.
The elastomeric bearing system relies on the hysteretic plastic deformations of the bearing to
dissipate energy. Rubber bearings have layers of rubber and steel; the soft flexible nature of
the rubber ensures the elongation of the natural period of the structure, while the steel plates
within the bearing ensure adequate load bearing capacity. Lead-rubber bearings (LRB) have a
lead cylindrical core in the middle of the bearing. The lead core enhances the initial stiffness

and aids with the energy dissipation (Priestley et al., 1996).

Ly - i
N——

,_
-
-
-
-

—e | Steel
Rubber | e | plates L62d —]

N i L

Figure 2.9: Left to right: Rubber bearing, Lead-rubber bearing, and Friction pendulum system (Kunde & Jangid, 2006)

The general consensus on the dynamic properties of RuC, is that it enhances the damping ratio
when compared to CC (Skripkiunas et al., 2009; Najim & Hall, 2012; Moustafa & EIGawady,
2013; Xue & Shinozuka, 2013; Rahman et al., 2014; Moustafa & Elgawady, 2015; Faizah et
al., 2019; Eltayeb, Ma, Zhuge, Youssf, & Mills, 2020). More importantly, due to its high
ductility and its bilinear compressive and shear constitutive behaviour (see Figure 2.3), CRuC
could be used as a replacement to LRB, or in conjunction with LRB or other damping devices.
The CRuC isolator would have a relatively high initial stiffness (first branch of the bilinear
behaviour), but after yielding caused by strong earthquake, the hysteretic behaviour would be

dominated by the second branch which can be controlled by the level of confinement.
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2.5 CONCLUDING REMARKS

Current research on RuC and CRuC has highlighted the great potential of this novel material.
Although the use of large amounts of rubber replacements can reduce the mechanical properties
of the resulting concrete, these can be effectively enhanced by providing an adequate level of
confinement. CRuUC has been shown to possess desirable mechanical properties, which can be
exploited to design highly deformable elements and develop effective structural solutions,
especially for seismic applications. Amongst the possible applications discussed in the previous
sections, the use of CRuC in short columns and base isolation systems has the potential to offer
sustainable and cost-effective alternatives to current solutions and systems.

In the case of short columns, research, both experimental and numerical, is needed to verify
the potential of CRuC at improving their shear behaviour under seismic load. Although few
structural element testings have been performed on columns, most of these had slender aspect
ratios, whereas the current work aims at investigating short columns with a low span-to-depth
ratio. In addition, this research provides the first instance of the use of CRuC in a scaled down
full structure, to study its effect on the structural behaviour. Moreover, conventional seismic
analysis tools based on fibre element cannot account for the shear dominated behaviour of short
columns, hence there is a need for the development of new suitable elements for the analysis
of structures with short columns, and adapt those elements to be able to model and analyse
structures with CRuC short columns. As for the base-isolation system, the use of CRuC
structural elements as isolators can substitute for more complex and highly technical base-
isolating mechanisms, which means it can be used in developing countries.

Both of the aforementioned structural applications will be examined in more details in the
following chapters through a series of complementary experimental tests and numerical

modelling.
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3.1 INTRODUCTION

Short columns in RC structures are particularly vulnerable to seismic actions and failure of
short columns is often seen after earthquakes. This chapter presents an experimental and
numerical study on the behaviour of a reinforced concrete frame with short columns subjected
to lateral loading. The work reported in the following includes the first phase of an experimental
program aimed at examining structural applications for CRuC along with the development of
suitable numerical, analytical and simplified design models. A one-story one-bay building with
short columns along the loading direction was tested to assess the performance of short
columns made of CC and investigate the resulting failure mechanism. A detailed FE analysis
(FEA) is then carried out to gain an in-depth understanding of the structural response of the
frame with short columns, which is then used to develop a strut and tie model (STM) in
OpenSees. The latter allows for the development of more efficient analysis methods to simulate
the structural behavior of short columns under seismic loading. Both the FE model, and the
STM were adapted to examine the effect of using short columns made with CRuC confined
with AFRP on the global seismic performance of the RC frame. The results of this numerical
investigation are presented along with a comparison between the behavior of short column with

CC and CRuC.
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3.2 EXPERIMENTAL PROGRAM

The first phase of the experimental work comprised a benchmark test to examine the structural
performance of an RC frame building with short columns under unidirectional cyclic and
monotonic loading. The boundary conditions were selected to force the development of a short
column mechanism in two of the columns as described in the next section. The primary
consideration in the design of the test specimen was to force a local shear failure in the short
column, hence the column flexural capacity was sought to be much higher than the shear
capacity. The results of this test, along with a complementary numerical study, were used to
inform the design of a series of buildings that were tested on a shake-table to study the

behaviour of highly deformable short columns.

3.2.1 Design of the test specimen

The structure examined in this study was a scaled down one-bay one-storey reinforced concrete
building with a scale factor of 1/2, and it had a story height of 1360 mm, total length of 2550
mm in the direction of loading, and width of 1950 mm. Figure 3.1 shows the building geometry
and detailing of the reinforcement. The building was designed according to EC2, however, in
order to attain a shear failure in the short columns, the beams were intentionally over
strengthened, and the columns’ shear reinforcement consisted of mild steel. The four columns
had a cross-section of 150x150 mm, a clear length of 1100 mm, and their foundations (220x220
mm) were embedded in a rigid steel frame for a depth of 400 mm. The steel foundation was in-
turn bolted to the strong floor of the laboratory. The longitudinal and transverse beams
measured 150x260 mm, and the two-way slab was 60 mm thick and measured 2250x1650 mm.
The columns’ reinforcement consisted of six 14 mm diameter longitudinal bars, and 4 mm
diameter shear links spaced at 100 mm centre-to-centre, both of which extended into the
foundation and into the joints. The bars were bent at 90 degrees angle for anchoring. The beams

in the X-direction were reinforced with six 12 mm diameter longitudinal bars, and 6 mm
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diameter stirrups at 200 mm spacing in the middle 800 mm span, and 100 mm spacing at the
ends. The beams in the Y-direction were reinforced with four 10 mm diameter longitudinal
bars, and 6 mm diameter stirrups at 200 mm spacing in the middle 600 mm span, and 100 mm
spacing at the ends. The steel bars of the beams were anchored at a 90 degrees angle into the

adjacent beam. The clear cover was 20 mm in all structural elements.
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Figure 3.1: Geometry of the tested building and cross-sections of the main structural elements

The columns were intentionally designed to fail in shear within the top region restrained by the
external steel frame and the top beams, and had a yielding flexural strength of 23 kNm, an
ultimate flexural capacity of 25 kNm and a maximum shear capacity of 28 kN for the concrete
alone according to Eurocode 2 (EC2) (EN 1992-1-1, 2004). The shear reinforcement of the

column provides an additional 6.9 kN resistance. At the limit of 34.9 kN shear load, the bending
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moment exhibited by the short column is 5.2 KNm, which is far from the yielding flexural
moment by a big safety margin. The ultimate flexural capacities of the longitudinal beams (X-)
and transverse beams (Y-) were 46 and 22 KNm, respectively. The two-way slab of the building
was 60 mm thick and was reinforced with a mesh of 6 mm diameter bars at a 100 mm spacing.
The structural elements of the building were identified based on their type, location, and
orientation. The first letter of the ID indicates the type of structural element (C=column,
J=beam-column joint), while the next digit and letter represent the location of the element based
on the intersection of the corresponding axes from Figure 1. The fourth letter, if used,
determines the direction being referred to. For example, JLA-X refers to the joint situated at

the intersection of axes 1 and A, and the face being observed is parallel to the X-axis.

3.2.2 Material properties

The mechanical properties of the concrete were determined by testing five 150x300 mm
standard cylinders according to EN 12390 (EN 12390-3, 2019), which resulted in a
compressive mean strength f.,,, = 37 MPa and elastic modulus E. = 30 GPa. The tensile
strength of the concrete was estimated to be f.; = 3.3 MPa , according to EC2 (EN 1992-1-1,
2004). The longitudinal bars of beams and columns had yield and ultimate strengths of f;,, =
513 MPa and f;,, = 626 MPa, respectively, as obtained from five direct tensile coupons
tested according to EN 10080 (EN 10080, 2009). The smooth steel wire used for the beams

and columns stirrups, as well as for the steel mesh of the slab, had a yield strength of f;, =

255 MPa according to the manufacturer data.
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3.2.3 Test setup, instrumentation, and load sequence

The steel frame that served as the foundation of the RC building was fixed to the strong floor.
Since the focus of this experiment is the behaviour of short columns, additional softening
effects and failure mechanisms due to the masonry infill were unnecessary and would
complicate the structural system. Additionally, the in-plane stiffness of partial infill masonry
walls, for a multi-bay building, is relatively much higher than that of the column, and hence
the damage will concentrate in the short column region (Chiou et al., 1999). Hence, two stiff
steel frames were positioned between the columns of the frames in the X-direction to simulate
the presence of partial infill masonry walls and force the development of a short column
mechanism within the top region columns C1A and C2A. The steel frames were bolted to the
bottom steel foundation.

The clear shear span of the short column region from the bottom of the beam to the top of the
restraining system was 300 mm, which gives a shear ratio ag = 1. Ten concrete blocks
(total=36 kN) were bolted to the slab to simulate axial load, thus resulting in a 9 kN axial load
per column (i.e. approximately 1% of the column’s axial capacity). The main reason for the
low axial load was Laboratory limitations, in terms of the availability of weight blocks. In
addition to that, this test will inform the setup for a shake-table test on a similar building, where
the maximum allowed overturning moment on the table is limited, hence, the physical mass on
top of the slab was taken as minimum.

The X direction of the building was instrumented with eight horizontal linear variable
differential transformers (LVDTs shown as Lnl to Ln8 in Figure 3.2) located at the top and
bottom of the short columns. Four diagonal LVVDTSs (Incll to Incl4) placed at an angle of 45°

measured the relative rotation between beams and columns.
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Figure 3.2: Test setup and layout of the external instrumentation

The lateral load was applied to the specimen via a hydraulic actuator and a steel transfer beam
connected to the top transverse beam (Figure 3.3). The test was performed in load control at a
rate of 6 KN/min. The RC building was subjected to three sets of three cycles: A set performed
at 40 kN to capture the first flexural crack, an intermediate set performed at 60 kN, and a set
performed at 100 kN to capture the diagonal shear cracking, followed by a final monotonic
load up to failure. The test was halted when the maximum load recorded during the test dropped

by 20%.

t  From: inelined LVBT

Belv? BN

Figure 3.3: RC building with short columns (test initialisation)
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3.2.4 Experimental results and discussion
Figure 3.4 shows the lateral load versus displacement obtained from the average of four
horizontal transducers, Ln-1, 3, 5, and 7.
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Figure 3.4: Lateral load versus frame displacement response of the tested building

First flexural cracking occurred in the joints JLA and J2A during the first loading cycle at a
lateral force of 37 kN. The cracks propagated at an angle of 45° and 70° from the horizontal
for JIA-X and J2A-X, respectively. The cracks further propagated through the joints during
the subsequent cycles performed at 40 and 60 kN. Few hairline flexural cracks appeared along
columns C1A-X and C2A-X during the cycles performed at 100 kN. At a lateral force of 82
kN, shear cracking occurred in the top portion of both columns C1A-X and C2A-X. The shear
crack propagated at an angle of 17° from the vertical along the direction connecting the
externally applied load to the internal restraining system as the main load transfer mechanism

relied on the formation of a diagonal compression strut (Figure 3.5).
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Figure 3. 5: Shear cracking along the short column (excessive spalling in C2A occurred post-peak)

Flexural cracking in columns C1B-X and C2B-X initiated during the second cycle at 100 kN
at a load of approximately 98 kN. The maximum lateral load capacity of the building (143 kN)
was reached at 4.55 mm, and “failure” occurred at a displacement of 5.4 mm (121 kN).
Excessive spalling along the top of columns C1A-X and C2A-X occurred at a displacement
greater than 5.4 mm, at which point the test was halted and the frame was deemed to have
failed. No damage was observed in the slab or the beams. No torsion was recorded as the
displacements measured by the LVDTs were similar on both sides of the building. The initial
stiffness of the building was 107 kN/mm, measured experimentally from the slope of the load-
displacement data up to a load of 30 kN, while the relative decrease in stiffness at the first cycle

of every load set is shown in Figure 3.6.
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Figure 3.6: Stiffness degradation at first cycle of every load set (LS)

The beam-column relative rotation at axis-A and axis-B is shown in Figure 3.7. The first
stiffness change due to flexural cracking can be clearly seen in the rotation at axis-A, whereas
the rotation at axis-B does not show any significant stiffness change since the columns and

joints at axis B showed no signs of damage until a lateral load of 98 kN.
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Figure 3.7: The average beam-column relative rotation at axis-A (Joint opening) and axis-B (Joint closing)

In the next section, the results from these tests were used to study, numerically, in more detail

the structural response and failure mode of the short columns of the building.
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3.3 NUMERICAL MODELLING OF THE FRAME

To study in greater detail the structural response and failure mode of the short columns of the

tested building, a numerical investigation was performed using Abaqus (Dassault Systemes

SIMULIA, 2017), a general finite element software.

3.3.1 Modelling approach
Due to symmetry and absence of in-plan torsion during the test, the building was modelled as

one frame only. Figure 3.8 shows the model with part of the concrete concealed to show the
reinforcement layout. The bottom 400 mm of the columns were fully restrained along the sides
to simulate the fixity provided during the tests by the steel footings.

The braced steel frame used in the experiment to provide lateral restraint was modelled as a 3D
analytical rigid body. The interaction between this rigid body and the concrete column was

simulated by a surface-to-surface hard contact (with no friction) but allowing separation after

contact.
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Figure 3.8: Abaqus model of a single frame of the tested building (concrete partially hidden to show reinforcement)
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The gravity load was applied as concentrated forces on reference points (control nodes),
whereas an increasing displacement was imposed on a reference point connected to J1A. The
reference points were connected to their corresponding load transfer steel plate via a Multiple
Point Constraint (MPC) tie. Abaqus/Standard was used to perform a static analysis with
viscoplastic regularization, using a viscosity parameter of 1 x 107>, The frame was pushed

monotonically until failure.

3.3.2 Concrete and steel reinforcement models

The built-in concrete damage plasticity model (CDP) in Abaqus/Standard was used in the
analysis with the following plasticity parameters: dilation angle w=37°; eccentricity €=0.1;
stress ratio ano/oco=1.16; and shape factor of the yield surface Kc=0.667. The compressive
stress-strain behaviour was defined according to the Krétzig and Polling (Kratzig & Polling,
2004) elasto-plastic damage model, whereas the tensile softening function was defined based
on the stress-crack opening relation of Hordijk (Hordijk, 1992). The CDP damage parameters,
for both compression and tension, were defined using the damage evolution model proposed
by Alfarah et al. (Alfarah et al., 2017). The adopted framework implements a fracture energy-
based regularization and should ensure mesh independent results (see Appendix Al). The

fracture energy of concrete was calculated using Eqg. (3.1) (Bazant & Becq-Giraudon, 2002):

B £ (046 dy \"% w03 a1
Gp = 25 (0.051) (1 + 11.27) (?) (1)

where G is the fracture energy in N/m; a, is 1 for round aggregates; d, is the maximum
aggregate size; and w/c is the water-cement ratio by weight.

Adopting ay=1, f.n=37 MPa, d,=15 mm, and w/c=0.4, the fracture energy was calculated as
82 N/m. The crushing energy G, was taken to be 100 times the fracture energy (Nana et al.,
2017). All the concrete parts of the model were meshed with an 8-node linear 3D brick element

with reduced integration (C3D8R).
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The longitudinal steel bars and stirrups were modelled as 2-node linear 3-D truss elements
(T3D2) assuming an elastic-perfectly plastic behaviour. All reinforcement was fully embedded
in the concrete assuming perfect bond. The steel loading plates were modelled as 3D solid

C3D8R elements assuming an elastic behaviour.

3.3.3 Numerical results and discussion

Mesh sensitivity analysis was performed on the model using a different number of elements
across the width of the column equal to 4, 5, 6 and 8, resulting in mesh sizes of 37.5, 25, 30,
and 18.75 mm, respectively. Figure 3.9 compares the lateral load versus frame displacement

results obtained for each case.
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Figure 3.9: Mesh sensitivity analysis of the Abaqus model (lateral load vs. frame displacement)

Although small differences can be observed in terms of both peak load and displacement, the
initial stiffness and subsequent degradation of all models are similar. The results from the 25
mm mesh are considered to best fit the experimental results and are discussed herein. The peak

lateral resistance and displacement predicted by the model were 146 kN and 4.2 mm,
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respectively, which compare well with the experimental values of 143 kN and 4.55 mm. The
initial stiffness of the model (120 kN/mm) was 12% higher than the initial experimental
stiffness (107 KN/mm). The higher stiffness of the model can be attributed to minor unintended
damage caused to the building while positioning it on the testing rig. At a load of 43 kN,
flexural cracking occurred simultaneously in joint JLA-X and along the external face of column
C1A-Y, at the level of the restraining system. The stiffness reduction after 43 kKN was less
severe than that in the experiment (see Figure 3.9), which led to a stiffer response. A sudden
increase in lateral displacement was observed at 114 kN, possibly as a result of yielding of the
top stirrup in column C1A just below the joint. A similar behaviour is seen in the experimental
results but at 120 kN. This fact, along with the large observed crack widths and the additional
evidence provided by the numerical analysis, confirms yielding of the stirrups along the short
column. However, the longitudinal column bars remained elastic.

The minimum principal stress field along the column and the joint at a frame displacement of

3.75 mm, shown in Figure 3.10, displays the compressive force path within the short column.
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Figure 3.10: Minimum principal stress field along the short column and the joint at a frame displacement of 3.75 mm
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The results show that the analytical stress distribution agrees well with the experimental
cracking pattern. Consequently, the frame model can provide details of the evolution of the
main load transfer mechanism within the short column. A diagonal concrete strut connecting
the bottom of the beam at the loading side to the top of the lateral restraint system clearly
formed at a frame displacement of about 1.2 mm. The dimensions of the nodes of the strut were
estimated from the numerical model to be 65 mm and 45 mm for the top and bottom nodes,
respectively. These dimensions, which agree with simpler cross-section analysis calculations,
were used to determine the geometry of nodes and strut implemented in a new analytical model

presented in the following section.
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3.4 STRUT AND TIE MODELLING AND FRAME ANALYSIS

Although the FEA presented in the previous section matched well the experimental results, this
type of analysis method is computationally intensive to analyse large buildings and/or dynamic
loading effects. As a consequence, this section presents a more practical analytical model
(implemented in OpenSees software (Mazzoni et al., 2009)) that simplifies the analysis of

buildings with short columns.

3.4.1 Frame geometry and element type

The tested structure was modelled as a single 2-D frame made of displacement beam-column
elements. The elements had a fibre cross-section with three materials: unconfined concrete
(concrete cover), confined concrete (core concrete) based on Chang and Mander’s confinement
model, and steel (reinforcing bars). Six strut and tie elements were used to model the shear

load-transfer mechanism within the short column, as detailed below.

3.4.2  Short column model
The geometry of the elements of the short column macro element (SCME) (Figure 3.11c) was
determined using a strut-and-tie approach (Figure 3.11a), based on experimental observations

(Section 3.2), numerical analyses of crack patterns, and principal load/stress paths (Section 3.3).

(a)
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Figure 3.11: Development of the Short Column Macro Element (SCME) to model the shear-flexure behaviour of concrete

short columns: a) Force distribution, b) Strut and node formation, and c) SCME topology
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The bottom right node, B, is a CCC node, created by three compression forces: the reaction at
the bearing face, the cross-sectional force at the back-face, and the force imposed by the strut.
The width of the bearing face, (w,, p in Figure 3.11b), was taken to be 25 mm based on the
stress distribution at the interface between the column and the short-column boundary
condition, as determined from the FEA (see Figure 3.10 in section 3.3.3). The effect of the
width of the bearing face on the strut angle and its size is minimal, however, it was considered
here to get a more precise location of the centroid of node B. For design, a more straightforward
approach can be considered by assuming a negligible w,, 5, hence, the node centroid will be at
the bottom of the clear height of the short column (300 mm down from the beam). Appendix
A2 describes the latter in more detail.

Likewise, the width of the back face wy,  was chosen to be the neutral axis depth at the yielding
moment of the column (44 mm), based on the centre of gravity of compressive stress of the
section. The width of the strut at node B (w; z) was taken as the width normal to the centreline
according to Eq. (3.2).

Wgp = Wy g Sina +w,, g cos a=50 mm (3.2)

where @ = tan~! h/l is the inclination of the strut, and h and [ are the height and width of the
SCME, respectively. h = 343.5mm and [ = 96 mm, SO0 a = 74°.

The width of the back-face of node A (wy, 4) was equal to wy, g. The width of strut AC (wg 4)
was taken as the projection of wy, 4 onto the axis perpendicular to the strut.

Wgq = WpaSina (3.3)

The top left node D (Fig. 3.11c) is a CCT node, created by the compression from the external
load, the compression imposed by the strut, and the tension along the column longitudinal
reinforcement (Fig. 3.11a). Node D was located at the intersection of the centrelines of the

column and beam bottom longitudinal reinforcement. The width of the horizontal (wy, ,) and
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vertical (w,p) faces of node D was taken as twice the distance from the centreline of the
reinforcement to the concrete face. Accordingly, w,, = 62mm, and wy,p = 64 mm. A
constant strut width equal to the minimum width (i.e. wy . = 50 mm) was considered in the

analysis to ensure appropriate maximum strength capacity. The depth of all SCME elements

was equal to the column depth (150 mm).

3.4.3 Material and element assignment for the SCME

The diagonal struts AC and BD were modelled as truss elements made of plain concrete, using
ConcreteCM material. The negative effect of transverse tension on the concrete strength was
considered using Eurocode 2 (EN 1992-1-1, 2004), as shown in Eq. 3.4:

fem

fe =06 (1 _ ﬁ) for (34)

where f.5, is the effective compressive strength of concrete in the strut in Mega Pascales. To
account for the effect of confinement provided by the stirrups, the effective strength of the
confined concrete (f,%) was calculated using Mander et al.’s model (Mander et al., 1988) (Eqg.
3.5).

cc = Qf¢ (3.5)

where ¢ is a confined strength ratio, found to be 1.10 (see Appendix A3), and .5 = 21 MPa.
The post peak stress-strain behaviour of the strut was modified to take into account its aspect
ratio (Palmquist & Jansen, 2001; Watanabe et al., 2004; Tung & Tue, 2015). The Chang and
Mander concrete model in OpenSees allows for the post peak branch to be adjusted by defining
a shape factor 7., which was originally proposed by Tsai’s uniaxial compressional model (Tsal,
1988; Chang G. A. & Mander, 1994). The factor r, was calibrated based on the relationship
proposed by Palmquist and Jansen (Palmquist & Jansen, 2001) and was found to be equal to

10 (see appendix A4).
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The vertical elements AD and BC were modelled as truss elements made of reinforced concrete,
with a width of wy, 4, and wy, g, respectively. The concrete in these elements was modelled
using the ConcreteCM material definition in OpenSees. The effect of the stirrup confinement
was ignored for these edge vertical elements and therefore the concrete compressive and tensile
strengths were taken as f,,, = 37 MPa and f_; = 3.3 MPa, respectively. Each element had
three reinforcing bars according to the cross-section geometry (Figure 3.1). The bars were
modelled using the Steel02 material model with material properties as described in the
experimental section of this study.

The horizontal elements AB and DC were modelled as rigid links to allow the transfer of

moments and forces from the frame elements to the SCME.

3.4.4 Frame analysis

3441 Load and boundary conditions
The columns were fully fixed at the bottom. To simulate the short column, node E was
restrained against displacement in the X-direction. A gravity nodal load of 13 kN (including
self-weight) was applied at the top of each column under load control. A lateral pushover was
performed under displacement control via a nodal force at the top node of the left column, up

to a maximum displacement of 6 mm.

3442 Results and discussion
Figure 3.12 compares the results of the OpenSees and Abaqus simulations, as well as the
backbone curve of the experimental cycles. The results indicate that the frame modelled in
OpenSees had an initial stiffness of 119 kN/mm, which is similar to that obtained from the

FEA.
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Drift ratio for the unrestrained column (h=1230 mm)
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0 1 2 3 4 5 6
Roof displacement (mm)

Figure 3.12: Comparison of experimental results (envelope) and OpenSees and FE model

The model reached a peak load of 142 kN at a displacement of 4.48 mm. Failure of the model
was caused by the compressive failure of strut DB, which agrees well with the experimental
observations. It is also evident that the OpenSees load-displacement curve agrees better with
the experimental envelope compared to that obtained from the FEA. As the shear links were
not explicitly modelled in OpenSees, however, the horizontal shift in displacement recorded
during the test and captured by the FEA at the onset of stirrup yielding, could not be reproduced.
In the developed STM, the shear deformation is a function of the stiffness of the shear transfer

mechanisms within the SCME.
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Figure 3.13 shows the percentage of shear displacement (3s) (as % of the local short column
deformation) within the short column for both OpenSees and Abaqus models. The shear
displacements were decoupled from the flexural ones using Massone and Wallace’s model
(Massone & Wallace, 2004). The results show that both models calculate an initial ds to be 45%
of the short column deformation. However, it is also shown that ds increases faster in the SCME
(OpenSees) as the global frame displacement increases. This is due to the fact that the SCME
itself was specifically designed to deform in shear, whereas the strut and tie mechanism in
Abaqus can only form after the structure has undergone an initial amount of deformation. At
higher displacements (>2.6 mm), however, both models give similar estimate of the shear and
flexural components of deformation. This indicates that the new/proposed SCME can predict
efficiently the load-displacement behaviour of short columns throughout the entire load history.
The run time for the OpenSees simulation was 2 minutes, whereas that of Abaqus was 5 hours.

Drift ratio for the unrestrained column (h=1230 mm)

0.00% 0.08% 0.17% 0.25% 0.33% 0.42% 0.50%
100%

90%
80%
70%
60%
50%

Abaqus
40%

30% ——OpenSees

Percent of shear displacement
within the short column

20%
10%

0%
0 1 2 3 4 5 6
Roof displacement (mm)

Figure 3.13: Decomposition of the shear-flexural displacement of the short column (conventional concrete)
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3.5 NUMERICAL INVESTIGATION OF HIGHLY DEFORMABLE CONCRETE
IN SHORT COLUMNS

A series of numerical analyses were carried out to examine the overall structural response of
buildings with short columns made of FRP CRuC. A RuC with rubber content of 60% was
assumed in the investigation. Such level of aggregate replacement proved suitable to ensure
high deformability while maintaining an acceptable compressive strength (Raffoul et al., 2016).
AFRP was selected as confining material as it provides a good tensile strength at higher
ultimate elongation than other confining materials (Raffoul et al., 2017). The AFRP rupture
strain was taken as 65-70% of the ultimate sheet strain given by the manufacturer. The reduced
ultimate strain is less than the uniaxial rupture strain of the sheet due to the fact that the jacket

might have imperfections and stress concentrations (Raffoul et al., 2017).

3.5.1 Numerical simulation of FRP CRuC short columns in Abaqus

The FE model described in Section 3.3 was modified to carry out this analysis. The corner of
the RuC short columns were rounded (radius = 25 mm) to prevent stress concentrations at the
corners. The RuC and FRP confinement were modelled separately. The RuC stress-strain
behaviour was obtained from the uniaxial compressive constitutive material model proposed
by Bompa et al. (Bompa et al., 2017) for the selected type and percent of rubber replacement
(Table 3.1). The latter model was developed based on testing cylinders made of RuC under
uniaxial compression and it was adopted in this research as it is, without applying a shape factor
to account for a rectangular section.

The dilation angle in the CDP model was increased to w=45° to consider RuC’s high lateral
dilation (Youssf et al., 2014; Duarte et al., 2015). The AFRP confinement was modelled as a
shell-membrane with the Abaqus user defined Lamina material model (material properties
given in Table 3.1). A tie constraint was used to connect the FRP to the concrete surface,

assuming perfect bond between the two surfaces.
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Three frames were simulated with varying number of AFRP layers around the short column:
1, 2, and 3 layers (ID: CRuC-1L, CruC-2L, & CRuC-3L, respectively). A lateral displacement

was imposed at the top of the column until failure of the frame.

Table 3.1: RuC material properties using Bompa et al.'s model and AFRP properties

Conventional Concrete fem
Base concrete mix 63
Rubberized Concrete pur (%) A Erc fre &rc fret
60% volume replacement 60 2.9 9.2 6.7 0.105 0.92
Confined RuC for Ecr fere Ecrc ferc® €orc®
CRuC-1L (1 Layer of AFRP) 8 0.14 28 3.00 26 2.77
CRuC-2L (2 Layer of AFRP) 10 0.17 47 434 44 4.00
CRuC-3L (3 Layer of AFRP) 12 0.19 66 5.42 61 5.00
Aramid FRP t (mm) = fu Efu
S&P A120/290 0.2 116 2400 2.5

Strength f in (MPa), Young’s Modulus E in (GPa), and Strain € in (%)

In table 3.1 above, adapted from Bompa et al.’s model, p,, iS the percentage of rubber
replacement by volume, A is a factor for the type of rubber used and is equal 2.9 for a coarse
and fine mix, E,, frc, &, and f,. . are the young’s modulus, peak compressive strength, strain
at peak compressive stress, and peak tensile strength, for unconfined rubberised concrete,
respectively. For the confined RuC part of the table, f.,- and &, are the critical stress and strain,
respectively, as defined by Raffoul et al., 2019. f,,.. and ¢.,.. are the ultimate compressive
strength and strain of confined rubberised concrete, respectively. f5.., and €&, are the effective
ultimate compressive strength and strain of confined rubberised concrete, respectively, to
account for the inclination of the strut in the SCME model as shown in section 3.5.2.

The Aramid FRP properties, t, Ef, f,,, and &, are the sheet thickness, stiffness, ultimate

rupture strength, and strain at rupture, respectively, as given by the manufacturer.
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35.1.1 Results and analysis of numerical simulations

As shown in Figure 3.14, the load displacement curves of the three building models have a

similar behaviour, which can be summarized in four phases:

1)

2)

3)

4)

Elastic Phase I, which is not affected by the level of confinement as the AFRP is not
yet activated at this stage. The initial stiffness of all frames was around 83 kN/mm.
Transition Phase Il, where the loss in stiffness is due to the development of cracking at
the short column/beam interface. At the onset of this phase, the compressive stresses
developed within the short column cause its lateral expansion, which in turn activates
the AFRP confinement. This phase ends when the RuC reaches its peak strength, which
occurs at higher strain values for increasing values of confinement stiffness. This phase
ends at a lateral load of 83 kN, 94 kN, and 102 kN for the frames with 1, 2, and 3 layers
of AFRP, respectively.

Linear hardening Phase Ill, the stiffness of which is determined by the level of
confinement along with the resistance from all other structural elements. The stiffness
of this branch was 4.3, 5.4, and 6 kN/mm for the frames with 1, 2, and 3 layers of AFRP,
respectively.

A further reduction in stiffness (Phase 1V) is observed as a result of yielding of the
longitudinal reinforcement at the bottom of the unrestrained column C1B, which occurs

at a lateral displacement of approximately 19 mm for all three confinement levels.

Phase 1V ends with the failure of the frame. Frames CRuC-1L and CRuC-2L failed when the

AFRP along the face of the column parallel to the loading direction reached its rupture strain

of 1.75%, which occurred at a lateral displacement of 36 mm and 57 mm, respectively. Frame

CRuC-3L failed following the formation of a plastic hinge mechanism when the longitudinal

reinforcement in column C1A vyielded at the short column restraint level at a frame
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displacement of 52 mm and a lateral load of 272 kN. At this stage, the strain in the AFRP was
1.3%. Experimental asymmetric shear tests on rectangular prisms with CRuC in the shear zone,
performed by Zhao et al. (Wang et al., 2019), have shown similar behaviour to the four-phase
model described above (see Appendix A5, Figure A.9-a). Despite the complexity of the frame,
the general trend is dominated by the short column. The load-displacement experimental
envelope of the conventional concrete experiment is shown in Figure 3.14 only for the purpose

of displaying the relative improvement in terms of frame ductility that the CRuC short columns

can provide.
----- Abaqus-1L  ----- Abaqus-2LL ----- Abaqus-3L
OpenSees-1L OpenSees-2L OpenSees-3L
320
+ Rupture of AFRP
280 x Failure of Compression Strut
A Plastic Hinge Mechanism
240 ~===o
200 _
o CC Experimental
é Envelope
= 160
<
=
-
120
80
40
0

0 10 20 30 40 50 60 70
Displacement (mm)

Figure 3.14: Numerical lateral load versus frame displacement of buildings with confined Rubberized Concrete short

columns

65




Chapter 3: Simulating the behavior of short columns

Figure 3.15 shows the AFRP strain results profile at the centre of the sheet along the faces of
the column parallel and perpendicular to the loading direction. The FRP strains in the loading
direction were higher than the strain in the transverse direction as the fibres resist the
development of diagonal cracking. However, the ratio between the strains on the adjacent faces
of the column reduces with the increase in the applied lateral load as the expansion of the cross-
section further mobilizes the FRP along the entire column perimeter. It is also shown that, as
expected, the FRP strains decrease as the amount of FRP layers increase, which in turn leads
to a more uniform distribution of strains around the column perimeter. For example, at a drift
ratio of 2.5% for the unrestrained column (30 mm frame displacement), the strain in the AFRP
along the face parallel to the loading direction reached 1.4% for 1-layer, while strain levels of
1.03%, and 0.82% were recorded for the 2- and 3-layer configurations, respectively.
—— Abaqus-1L-X —— Abaqus-2L-X —— Abaqus-3L-X

----- Abaqus-1L-Y ----- Abaqus-2L-Y ----- Abaqus-3L-Y
1.8%

x Rupture of AFRP

1.6%

1.4%

1.2%

1.0%

0.8%

Strain in the AFRP

0.6%

0.4%

0.2%

0.0%
0 10 20 30 40 50 60 70

Frame Displacement (mm)

Figure 3.15: Hoop strain profile at the centre of the AFRP confining jacket in the direction parallel and perpendicular to the

loading direction
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3.5.2 Modelling FRP CRuC short columns using the proposed SCME

The proposed SCME was adopted to model the CRuC short column and examine its effect on
the overall behaviour of the frame. The constitutive model developed by Raffoul et al. (Raffoul
et al., 2019) was used to define the uniaxial compressive behaviour of CRuC, which implicitly
considers the effect of different confinement stiffnesses (i.e., different thickness and type of
FRP confinement). The relevant parameters of the constitutive behaviour were used as input in
the Concrete01 material model in OpenSees.
Since the fibres of the confining jacket are horizontal (parallel to the ground and loading
direction), and the strut is inclined at an angle of @ = tan™! h /1 as per Equation 3.2, then the
effectiveness of the confinement to the compressive strut is reduced. To account for the reduced
effectiveness of the confinement due to the relative inclination between the confining FRP
fibres and the strut, the ultimate strength of the CRuC was reduced according to Equation 3.6.
fée = (fore — fer) sin & + for (3.6)
where f.,.. and f.,. are defined by Raffoul et al. (Raffoul et al., 2019) as the compressive
strength and critical stress of CRuUC, respectively (see Appendix A5, Figure A.10).
Consequently, the effective ultimate strain, €¢,., was reduced at a ratio that maintains the
second linear stiffness of the CRuC stress-strain (Table 3.1). For the vertical elements of the
SCME, AD and BC, the material input was used without any reduction. The same boundary
conditions and dimensions of the CC SCME were also used for the CRuC SCME.

3521 Results and analysis of the CRuC SCME simulations
Figure 3.14 above shows the lateral load versus displacement of the frame with the CRuC

SCME obtained from the OpenSees simulations. Although the transition phase is slightly
softer in the OpenSees simulations, up to the peak strength of the RuC, the general trend agrees
well with the results of the more detailed FEA in Abaqus. The elastic stiffness for all three
frames was around 77 kKN/mm, whereas the stiffness of the linear hardening phase (phase 111)

was 4.4, 5.2, and 5.6 kN/mm for the frames with 1, 2, and 3 AFRP layers, respectively. At 16.8
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mm lateral frame displacement, the steel at the bottom of the unrestrained column yielded for
all three frames, indicating the start of phase IV. Frames CRuC-1L and CRuC-2L failed when
the strut reached its maximum strength, corresponding to rupture of the AFRP at a lateral
displacement of 37 mm and 52 mm, respectively. Frame CRuC-3L failed as a result of the
formation of a plastic hinge mechanism as also obtained from the FEA, at a displacement of
57 mm and lateral load of 295 kN. The ductility of the frames was assessed based on the bilinear
idealization of the force-displacement curve according to FEMA 356 (FEMA & ASCE, 2000).
The ductility obtained from OpenSees were 18.9, 22.9, and 22.3 for the CRuC-1L, CRuC-2L
and CRuC-3L frames, respectively (see Appendix A6 for idealised force-displacement curves).
Although the AFRP is not explicitly modelled in the SCME, an estimation of the jacket lateral
strain is attainable from the uniaxial compressive strain levels of the strut and the adopted
confinement constitutive model (Papastergiou, 2010; Raffoul et al.,, 2019). Figure 3.16
compares the AFRP strain values for the CRuC-2L frame obtained from Abaqus and the STM

model. A good correlation can be seen between the two curves until the rupture strain.

—— Abaqus-1L-X  ——— Abaqus-2L-X Abaqus-3L-X
----- OpenSees-1L-X ====-0OpenSees-2L-X OpenSees-3L-X
1.8%

+ Rupture of AFRP
x Failure of Compression Strut

1.6%

1.4%

1.2%

1.0%

0.8%

0.6%

Equivalent Strain in AFRP

0.4%
0.2%
0.0%

0 10 20 30 40 50 60 70
Frame Displacement (mm)

Figure 3.16: Equivalent lateral strain in the AFRP obtained from Abaqus and the SCME model implemented in OpenSees
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3.5.3 Comparison between models with CRuC and CC short columns

The results from the numerical simulations prove that high shear demand short columns made
of CRuC can develop higher ductility than CC counterparts. This also leads to a better
utilization of the resistance of other structural elements in the building model as damage
distributes more unfirmly among them, rather than being concentrated in the short columns.
While the use of CC in the short column limits the deformability of the frame model and
prevents yielding of the longitudinal reinforcement, yielding of the reinforcement in column
C1B occurs for all 3 configurations of CRuC. At high confinement levels (CRuC-3L), yielding
of the longitudinal reinforcement occurs at the short column restraint level. The higher ductility
of the AFRP CRuC frames is mainly due to the unique mechanical properties of CRuC, which
enable the short column element to undergo higher shear deformations (Wang et al., 2019).
Figure 3.17 shows the shear-flexure displacement decomposition of the CRuC short column
for both the detailed numerical analysis and the STM. It is shown that the shear deformation of
the short column accounts for 80-90% of the total frame deformations after 0.5 mm global
displacement, which is when the frame enters the transition phase and the FRP is activated.

100%
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80%

Abaqus-3L
——OpenSees-3L

70%

60%

50%

40%

30%

Percent of Shear Displacement
within the Short Column

20%
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0%
0 5 10 15 20 25 30

Frame Displacement (mm)

Figure 3.17: Decomposition of the shear-flexural displacement of the short column (CRuC-3L up to 30 mm lateral

displacement of the frame)
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3.6 CONCLUDING REMARKS

This article presented an experimental and numerical study aimed at examining the behaviour
of RC frames with short columns subjected to lateral loading. The experimental observations
and the results of a detailed finite element analysis were used to develop a simplified macro
element to model the behaviour of short columns and assess the potential of CRuC to develop
more deformable structural elements. Based on the results of this study and the discussions
presented above, the following conclusions can be drawn:

e The failure of the tested building made of conventional RC was dominated by the brittle
shear failure of the short columns. Failure occurred at a small drift of 0.37% (4.55 mm)
for the unrestrained column.

e A simplified approach to determine the geometry of a short column macro element
based on the strut and tie method was proposed. This was able to capture accurately the
shear dominated response of the tested short columns and their effect on the global
response of the frame.

e The proposed SCME was extended to account for the use of CRuC in short columns,
which significantly improved the performance of the frame. For instance, the use of
two layers of AFRP CRuC led to ultimate drift value of 4.23% (52 mm) for the
unrestrained column, i.e. more than 11 times that of the CC frame. This also enabled a
more efficient use of the other structural elements in the model.

The numerical investigation into confined rubberized concrete confirms the hypothesis that
using this material in high shear demand regions of the frame, can lead to a more ductile
behaviour when compared to conventional concrete.

A series of large-scale experimental tests have been conducted as part of the larger
experimental programme to examine the performance of CRuC elements under seismic load

and are reported in the following chapters.
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4.1 INTRODUCTION

Although Pseudo-dynamic and quasi-static tests give a good assessment of the lateral capacity
and performance of a structure, they cannot capture the effect of loading rate induced during a
real earthquake on the overall structural behaviour and local/global damage accumulation. On
the other hand, shake-table tests can simulate seismic excitations more realistically, within the
limitations of the shake-table (see Appendix B2 for properties of the shake-table). This chapter
discusses the shake-table tests that were performed on two RC frames similar to that described
in chapter 3 to investigate experimentally the performance of CRuC short columns.

4.2 DESIGN, MANUFACTURE, AND SEISMIC TESTING OF THE BUILDINGS
The building geometry for the shake-table tests was adopted from the 1/2-scale 1-bay 1-storey
structure tested under lateral cyclic loading (CC-STC) as described in Chapter 3. However, to
avoid issues that rose during assembling the steel cage and casting of the CC-STC building
caused by the large amount of reinforcement in the beam-column joints, the sections were
redesigned to reduce the amount of reinforcement, while maintaining a relatively high flexural
capacity of the columns compared to their shear capacity. The columns of the conventional
concrete building tested on the shake-table (CC-EQ) had a flexural reinforcement of four 14
mm diameter longitudinal bars, and the beams in the X-direction were reinforced with four 12
mm diameter longitudinal bars (Figure 4.1). This new reinforcement layout provides an
ultimate moment capacity of 17.3 kNm and 34 kNm for the column and beam, respectively.
The shear reinforcement of all structural elements was the same as for the CC-STC building,

also, the slab and beams in the Y-direction were not altered (Figure 3.1 in Chapter 3).
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Figure 4.1: Cross-section dimensions and reinforcement layout of columns and beams in x-direction
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The building with Confined Rubberized Concrete short columns tested on the shake-table
(CRuUC-EQ) had the same reinforcement layout as CC-EQ. The frame was cast in three stages
(Figure 4.2-a): 1) CC concrete was cast into the foundation footing and up to a clear height of
800 mm; 2) RuC was cast on top of the 800 mm level to reach the bottom level of the beams
at a height of 1100 mm, forming the short columns (300 mm high). 3) CC concrete was used
for all beams and the slab. All stages were cast within less than 30 minutes from each other to
avoid the formation of cold joints and the CC mix was kept rotating in the mixer during the
RuC casting. After 28 days of curing, the top 300 mm of the clear height of the columns, which
will form the short column during the test, was confined with three layers of AFRP, with the
final overlap of the sheet laid on the column side transverse to the shaking direction. The 150
mm section of the column below the short column was also confined with two layers of AFRP
to protect it from the impact with the stiff steel frame boundary condition, as well as prevent
any failure at the construction joint. Finally, the beam column joints were strengthened with
one layer of L-shaped CFRP to prevent excessive damage at the beam/joint interface and

concentrate the damage in the short columns (see Appendix B1 for steps of application of FRP).

400 mm

/\
Level check and

compaction
(< 30 minutes)

Level check and
compaction
(< 30 minutes)

Figure 4.2: (a) Casting phases of the CRUC-EQ building, and (b) FRP layout

76




Chapter 4: Shake-table tests

4.2.1 Material properties

The concrete mix was done in the laboratory and both CC-EQ and CRuC-EQ buildings were
cast off the shake-table then moved onto the shake-table after 28 days of curing. The RuC mix
used in the short columns was prepared using the original mix of CC with 5% less water content,
and replacing 60% by volume of both the sand and coarse aggregates with rubber particles.

Table 4.1 shows the mix design properties of the CC and RuC.

Table 4.1: Mix design properties of the CC and RuC

Mix Cement Sand Coarse Aggregates Rubber particles

designation CEM I-42.5R Water 0-4 mm 4-8 mm 8-16 mm  0-5mm 5-15 mm
(kg/m°) (kg/m®) (kg/m®)  (kg/m®)  (kg/m®)  (kg/m’)  (kg/m°)

CcC 489 250 582 388 647 - -

RuC 489 230 233 155 259 103 187

The compressive mechanical properties of the concrete were determined by testing twelve CC
and nine RuC standard 150300 mm cylinders in uniaxial compression according to EN 12390.
Out of the twelve CC cylinders, six were from the CC-EQ casting, and six were from the CRuC-
EQ casting. The same steel bars and stirrups used in the CC-STC building were used to
reinforce both buildings tested on the shake-table. S&P A120/290 AFRP sheets were used to
confine the columns, and MapeWrap C Uni-Ax CFRP sheets were used to confine the beam-
column joints. Table 4.2 and 4.3 show the properties of the concrete and the aramid and carbon

fibre sheets, respectively.

Table 4.2: Mechanical properties of the CC and RuC

. fcm &Ec EC fCt*
Building ID Concrete type (MPa) (mm/m) (GPa) (MPa)
CC-EQ CcC 38 2.06 30 3.39

cC 39 2.06 31 3.45
CRuC-EQ CC* 44 2.12 315 3.74
RuC 5.8 1.19 9.2 0.84

* Concrete tensile strength calculated based on EC2 for CC, and Bompa et al.’s model for RuC (Bompa et al., 2017)
* Conventional concrete base mix that was used for the rubberised concrete.
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Table 4.3: Properties of the dry Aramid and Carbon fibre confining sheets according to the manufacturer

) t Ef fu Efu
Sheet ID Fibre type (mm) (GPa) (MPa) (%)
S&P A120/290 Aramid 0.2 116 2400 2.5
MapeWrap C Uni-Ax  Carbon 0.16 252 4900 2

4.2.2 Test Setup

The buildings were lifted by the steel foundation and bolted on the ANCO R3123 tri-axial
shake-table platform (see Appendix B2 for table characteristics). The same stiff-steel frames
used in CC-STC to force the short column boundary condition were used in both CC-EQ and
CRuC-EQ. The stiff-steel frames were fabricated with a length of 2180 mm, which is 70 mm
shorter than the clear distance between the columns in the longitudinal X-direction. The gap at
each end, between the column and stiff frame, was filled with precisely cut high density wood
pieces each with a width of 35 mm. A total gravity load of 40 kKN was applied via 15
600x400%100 mm lead blocks that were spread evenly and bolted onto the slab (Figure 4.3).

® ®

1 o
©
o g i | \ i
N
T 7 %7
o % 8‘ 2250 150
2 Blocks 1 Block 2 Blocks <
o
3
8 8 lock lock lock -
o < 2 Blocks 1Bloc 2 Blocks
& * + * * & |
2 Blocks 1 Block 2 Blocks ¢ be be s < s 83
& * * * * * * o <
id * * * * * * *|
1 - =t ; i
@17 7 U | | H
v \ 2250 | TZ | 2400
. 2550 3 2550

Figure 4.3: Positioning of the lead blocks on top of the slab

The high density of lead relative to the concrete blocks used in the CC-STC building reduced
the volume/height of the blocks added on top of the slab, which allowed for the centre of mass
to be closer to the slab, hence reducing the over-turning moment on the shake-table. Non-

structural wooden beams were fixed to the top of the stiff-steel frame in the CRUC-EQ building
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to support the concrete beams and slab in case the structure collapses. Figure 4.4 and 4.5 show
the CC-EQ and CRuC-EQ buildings, respectively, mounted on the shake-table prior to seismic

testing.

Figure 4.5: CRuC-EQ building on the shake-table before testing
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4.2.3 Instrumentation

The CC-EQ building was instrumented with four piezoelectric accelerometers that recorded
accelerations in the X and Y direction at the level of the beams. Another three accelerometers
were connected to the shake-table to record ground accelerations in the X-Y-Z axis. Eight
displacement transducers (Ln1-8) fixed on the building foundation, recorded the relative
displacement in the X direction of the top of each column and at the level of the short column
restraint. Four inclined LVDTSs (Incl1-4) were used to measure the beam-column joint opening
in the X direction. Three wire displacement transducers, connected to a fixed outside frame,
measured the absolute displacement of the shake table (xA-T) and the top of both sides of the

frame (xA-1,2). Figure 4.6 shows the external instrumentation used for the CC-EQ building.

Figure 4.6: External instrumentation of the CC-EQ building

Sixteen strain gauges were fixed on the reinforcement: two on the outside longitudinal
reinforcement of the short column and two on the inside ones, one on each of the three stirrups
in the short column span, and one on the bottom longitudinal bar of the beam 50 mm away
from the column. The same strain gauge distribution was replicated on the opposite column in

the X direction (Figure 4.7).
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Figure 4.7: Strain gauge location on the steel reinforcement

The CRuC-EQ building had the same instrumentation as CC-EQ, with the addition of one
accelerometer to record the roof X-accelerations, and two wire transducers (xA-3 and xA-4) to

track the movement of the column at the level of the short column restraint (Figure 4.8).

Figure 4.8: External instrumentation of the CRUC-EQ building
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The strain on the AFRP was monitored by three strain gauges on each short column wrap, two
along and one transverse to the direction of the shaking and positioned 50 mm down from the
bottom of the beam. No gauges were placed on the side of the column with AFRP overlap
(Figure 4.9). The sampling frequency for data acquisition for the CC-EQ test was set to 200

Hz, however, it was increased to 500 Hz in the CRuC-EQ test.

Overlap of AFRP
column wrap

Direction
\XM Shaking

iSGext-xZ

Fe

SGext-yl

Figure 4.9: Strain-gauge layout on the AFRP jacket of the short column

4.2.4 Seismic record and test sequence

The shake table input for both buildings, consisted of a unidirectional horizontal record with
increased level of Peak Ground Accelerations (PGASs). The record was an artificial earthquake
based on the Eurocode 8 (EC8) soil type C spectrum (Figure 4.10-right). Figure 4.10 shows the

spectral acceleration (Sa) matching of the input record response spectrum to that of the EC8.

08 PGA=0.8g

Acceleration (g)

0 1 2 3 4 0 5 10 15 20 25 30
Period T (s) Time (s)

Figure 4.10: Left: Elastic response spectrum, and earthquake spectrum; Right: Time history acceleration of the artificial

earthquake
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The time history acceleration was compressed in time to respect similitude requirements with
the scaled down geometry. Based on similitude, the scale factor for time is a function of the

geometry factor A, and acceleration factor 1, (Eq. 4.1).

de= M, = 172/, _ 0707 (4.1)

The reference peak ground acceleration (a4 ) was taken from the seismic intensity area map

of lasi, Romania, and was equal to 0.2g at a reference return period (Tycg) of 100 years (Figure

4.11) (Solomos et al., 2008).
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Figure 4.11: Seismic zonation map of Romania (PGA given correspond to reference return period of 100 years

The acceleration input was scaled in amplitude to apply 70%, 100%, 140%, 200%, and 400%
of the reference PGA, which can be associated with a return period (Ty) of 50, 100, 200, 400,
and 1600 years, based on EC8-Part 2. The corresponding applied PGAs are 0.14g, 0.2g, 0.28g,

0.4g, and 0.8g. A final PGA input of 1.6g was applied, which should ensure collapse through

failure of the short columns.
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A white-noise input, with a frequency range of 0.5-40 Hz, a duration of 30 seconds (s) and
amplitude of 0.025g, was applied to the table before and after every shaking test, to help with
the identification of the natural frequencies of the building.

The natural frequencies of the undamaged CC-EQ model were determined by fixing a vibration
generator on the roof of the building, oriented along the X and Y axis, as well as at 45° angle

(Figure 4.12).

Figure 4.12: Vibration generator fixated on top of the building to determine natural frequencies

The excitation signal was applied with variable frequency, ranging from 0.1 to 50 Hz, and the
response of the model was recorded through the four accelerometers attached to the beams.
The natural frequencies were 25 Hz in the direction of shaking, 14.2 Hz in the unrestrained
transverse direction, and 33.5 Hz for the torsional twisting. A more accurate natural frequency
of 22.2 Hz in the X-direction was later obtained from a white-noise test before the first PGA
excitation of 0.14g. The natural frequency of the undamaged CRuC-EQ model along the
shaking direction (X-direction) was determined from the white-noise test and was found to be

17 Hz.
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4.2.,5 Time-history performance of the CC-EQ building

Table 4.4 summarises the seismic performance of the CC-EQ building in terms of natural
frequency, period, equivalent stiffness, maximum roof displacement and acceleration, and
strain measurement at key locations. The equivalent stiffness was obtained from the natural

frequency of the structure with an estimated total mass of 5400 kg.

Table 4.4: Seismic performance parameters of the CC-EQ building

Test ID / f T Ko Max roof Max roof Max Max Max Max
PgSA level fuv- displacement  acceleration SG-1  SG-3  SG-7  SG-8
H) ) (Yom)  (mm) (9) (Me)  (me) (o) (ne)

Undamaged 22.8 0.044 111 - - - - -

0.149 22.3 0.045 106 0.11 0.167 65 74 18 103
0.29 211 0.047 95 0.28 0.35 193 170 65 299
0.28¢ 19.3 0.052 80 0.52 0.497 301 238 101 501
0.49 17.3 0.058 64 1.08 0.718 427 346 214 677
0.89 14.1 0.071 42 3.35 1.52 1109 1117 3500 1470
1.69" 9.7* 0.108 22 8.11 4.564 - - -

* Collapse of the CC-EQ building
+ Average frequency value from windowed FFT throughout the response signal

The CC-EQ building had a natural frequency of 22.8 Hz (T=0.044 s), or an equivalent stiffness
of 111 KN/mm, which is comparable to the CC-STC building initial stiffness of 107 kN/mm.
The period of the structure was located in the first ascending branch of the design acceleration
spectrum. The response acceleration, recorded at the top of the building, increased with
progression of the tests due to the period lengthening caused by damage to the structural
elements.

The first two PGA levels applied of 0.14g and 0.2g imposed a roof displacement of 0.11 and
0.28 mm, respectively, which were still within the elastic displacement range of the building,
hence a negligible reduction in stiffness was measured. Few hairline flexural cracks appeared
after the 0.28g excitation, which imposed a maximum roof displacement of 0.52 mm. At that
PGA level, the maximum strain was recorded in the bottom longitudinal bar of the beam (SG-
8) and was equal to 501 pe. The relatively higher strain was mostly due to slight unintentional

yawing motion of the shake-table which applied vertical acceleration on the building causing
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further bending in the beams. Further stiffness reduction occurred after the 0.4g PGA test, with
new flexural hairline cracks appearing in the columns and the beams along the X-direction.

During the 0.8g test, a roof displacement of 3.35 mm and acceleration of 1.52g was recorded,
and yielding of the reinforcement occurred in the top stirrup of the C1A-X short column, SG-
7 (Figure 4.13). Although some noise was present in the results, the high frequency content

observed in the time-history is due to the relatively high stiffness of the structure.
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Figure 4.13: Roof displacement(top) and acceleration(bottom) for the CC-EQ building (PGA=0.80g)
A discontinuous hairline shear crack was observed along the middle of joint JLA-X crossing to
the centre and inner side of the CLA-X short column, as well as a visible joint opening crack
crossing to the top of the short column at the same location (Crack-J in Figure 4.14). The
maximum strain in the middle and lower stirrups of the short column was less than 200 pe, and
the column longitudinal reinforcement had a strain of around 1109 pe, while SG-8 recorded
1470 pe. The equivalent stiffness of the building after the 0.8g test was 47 kN/mm.
The CC-EQ building collapsed during the 1.6g PGA test after shear failure occurred in the

short columns following extensive cracking. Video footage from the cameras mounted on the
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short columns showed that the shear crack in C1A that developed in the 0.8¢g test widened 5
seconds into the 1.6g test (Crack-A in Figure 4.14). At this stage, the top and middle stirrups
had yielded, as well as the external longitudinal bar of the column at the level of the short

column restraint, SG-2 (Figure 4.15).

Figure 4.14: Shear crack (crack-A) developing in column C1A during 1.6g test for the CC-EQ building

9000
7500
6000
4500 l

® 8460 CC-EQ, SG-7, PGA=1.60g

Last reading

3000
1500 &Y b L AL N U N

-1500

6000
CC-EQ, SG-6, PGA=1.60g

IS
a
o
S

Last reading

3000

Microstrains (ue)

=
ol
o
o

6000
CC-EQ, SG-2, PGA=1.60g

4000
010 T | o R O T T I L
0
-2000
-4000 Last reading
0 2 4 6 8 10 12 14 16

Time (s)

Figure 4.15: Shear stirrup strain reading (SG-7 and SG-6), and longitudinal bar strain SG-2 (CC-EQ, PGA=1.60g)
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At 8.8 s, the short columns at C1B and C2B exhibited an S-shaped shear crack spanning from
the middle of the beam-column joint (J1B & J2B) to the top of the short column restraint
(Crack-C in Figure 4.16-C1B, and Figure 4.17 for C2B). At the same time, a smaller shear
crack formed into the middle of J1B and crossed to the top of the short column (Crack-D,
Figure 4.16-C1B). An S-shaped shear crack, spanning the 300 mm short column and causing
yielding of the bottom stirrup of the short column, appeared 9 s into test (Crack-B, Figure 4.16-
C1A). At that same time, the first crack coming from the joint into the column at C1A opened
and spalling of concrete was observed (Crack-A, Figure 4.16-C1A). Collapse of the short

column C1A occurred at 10.3 s into the test.

Figure 4.16: Crack development in the short columns C1A and C1B during the 1.60g PGA test (CC-EQ building)

Short column C1B and C2B collapsed at 11 s into the test (Figure 4.18). The test was halted at
15 s to avoid any damage to the shake-table or nearby equipment. The maximum displacement
recorded prior to collapse, was 8.3 mm, which includes the shear crack widening at the short
columns. The natural frequency was obtained using Fast Fourier Transform (FFT) of the full

response before failure, as well as windowed FFT at different time segments to note the
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frequency degradation leading up to failure. The range of frequencies was between 12.1 and

7.4 Hz (T=0.082-0.135 s, K=31-12 kN/mm).

Figure 4. 17: Shear crack development in column C2B during the 1.60g PGA test (CC-EQ building) (Opposite view to the
mounted cameras on the short columns)

Figure 4. 18: Collapse of the CC-EQ building during the 1.60g PGA excitation
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4.2.6 Time history performance of the CRuC-EQ building
Table 4.5 summarises the seismic performance of the CRuC-EQ building, with the same parameters as described for the CC-EQ building, in
addition to strain measurements of the AFRP confinement along the X-direction and Y-direction. The maximum roof displacement of the CC-EQ

building are also shown between parenthesis for comparison.

Table 4.5: Seismic performance parameters of the CRUC-EQ building

Max roof Max roof Max Max Max Max Max Max

gg&':g v/el f T Kequiv displacement* acceleration SG-1 SG-3 SG-6 SG-8  SGext-x  SGext-y
(H2) ®  (m) (mm) © (Be) (o) (we) () (1e) (ue)
Undamaged  18.55 0.054 73 - CC-EQ - - - - - - -
0.14g 17.0 0.059 62 0.21 (0.11) 0.25 184 144 36 124 46 27
0.29 159 0063 54 036  (0.28) 0.43 274 198 51 274 70 35
0.28g 13.6 0.074 39 0.62 (0.52) 0.63 363 247 79 407 114 52
0.4g 9.8 0.102 20 2.01 (1.08) 0.88 411 426 100 626 444 195
0.89 5.5 0.182 6 6.65 (3.35) 1.72 727 599 258 1107 1249 525
1.69 4.3 0.233 3.9 17.1 (8.11) 2.56 1401 1030 1090 2236 2530 1209
2.0g 4.24 0.236 3.8 23.2 3.26 1709 - 2327 3035 3646 1970

* The maximum roof displacement of CC-EQ is provided for comparison.
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The CRuC-EQ building had an undamaged natural frequency of 18.6 Hz, or an equivalent
stiffness of 73 kN/mm. Similar to the CC-EQ building, the natural period of the CRUC-EQ
building, T=0.054 s, was located in the first ascending branch of the design acceleration
spectrum, however, the slightly longer period meant that the response acceleration of CRuC-
EQ was higher up on the ascending branch relative to that of CC-EQ.

The first two PGA levels applied of 0.14g and 0.2g imposed a roof displacement of 0.21 and
0.36 mm, respectively, which were still within the elastic displacement range of the building
based on the numerical analysis done in the previous chapter. A roof displacement of 0.62 mm
was recorded during the 0.28g excitation, after which the equivalent stiffness of the frame
decreased from 54 KN/mm to 39 kN/mm after the test.

The strain recording in the AFRP showed that the confinement started being activated during
the 0.4g PGA test, with a maximum strain of 444 pe along the shaking-direction, and 195 pe

on the transverse side (Figure 4.19).
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Figure 4.19: Strain on the AFRP along the shaking direction (top), and transverse side (bottom)
The strain in the internal and external longitudinal bars at the top of column were 426 and 411

e, respectively. The maximum strain in the shear links within the short column span was

recorded in the middle stirrup, SG-6, and was equal to 100 pe which is relatively small due to
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the confining jacket. Further reduction in the stiffness occurred after the 0.8g PGA test, which
imposed a roof displacement of 6.65 mm and roof acceleration of 1.72g. The maximum strain
recorded in the steel was 1107 pe in the bottom longitudinal bar of the beam, SG-8, and the
maximum strain in the AFRP was 1249 pe in the X-direction.

The CRuC-EQ building was able to survive the 1.6g PGA excitation, level at which the CC-

EQ building collapsed. The maximum recorded roof displacement was 17 mm (Figure 4.20).
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Figure 4.20: Roof displacement of the CRUC-EQ building during the 0.40g PGA excitation
Although no yielding was recorded in any of the reinforcement, the middle stirrup of the short
column recorded a relative high strain of 1090 pe, while the top stirrup was at 713 pe. The
strain in the beam reinforcement, SG-8, was close to yielding at 2236 pe due to the
unintentional yawing motion of the shake-table. The strain in the AFRP along the shaking
direction (2530 pg) was almost double the AFRP strain in the transverse side (1209 pe). At the
end of the 1.69 test, the building had a natural period of 0.23 s, or an equivalent lateral stiffness
of 3.9 kN/mm. This low stiffness indicates that the building was in the linear hardening phase,
or phase 111 as described in the previous chapter, in which the estimated numerical stiffness of
the modelled building at a similar damaged state was 5.6 kN/mm.

An excitation of PGA=2.0g was finally applied to the CRUC-EQ building. As the safe working
parameters were exceeded under this level of excitation, however, the input signal was
automatically dampened after 12 seconds and the test was halted. The maximum roof

displacement recorded was 23 mm, at which point yielding occurred in the top and middle
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stirrup of the short column at 1693 pe and 2327 pe, respectively (Figure 4.21). The bottom

reinforcement of the beam also yielded with a maximum strain of 3035 pe.
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Figure 4.21: Roof displacement and top and middle stirrup strain gauge reading (CRuUC-EQ, PGA=2.0g)

The strain in the AFRP along the shaking direction was 3646 pe, which is significantly less

than the estimated rupture strain of 17,000 pe (around 70% of the manufacturer’s rupture strain).

The structural period after the 2.0g test was 0.24 s, while the corresponding lateral stiffness

was 3.8 kN/mm, which confirms that the building was in the linear hardening phase, with

negligible stiffness reduction from the previous excitation levels (3.9 kN/mm after the previous

test). The observed behaviour provides evidence that a 4-phase bilinear behaviour, as observed

in the numerical simulations performed in the previous chapter, can capture accurately the

behaviour of the buildings with short columns made of confined rubberised concrete.
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4.2.7 Comparison of the damage evolution through period elongation

Figure 4.22 shows the structural period elongation of both the CRuC-EQ and CC-EQ buildings
normalised with respect to their corresponding undamaged period (Ti). The period shift for
both buildings was very small after the first two PGA levels. The maximum short column drift
(displacement/300 mm) achieved after the 0.2g test was 0.09% and 0.12% for the CC-EQ and
CRuC-EQ building, respectively. The 0.28g and 0.4g PGA caused additional elongation in the
period, with the CC-EQ building showing a 32% increase from the undamaged period,
compared to 90% increase for the CRUC-EQ building. The 0.8g PGA test further increased the
difference in the response of the two buildings. The CC-EQ exhibited 62% increase in the
structural period with a maximum recorded drift ratio of 1.12%, whereas the CRuC-EQ
building period increased by 237% of the undamaged one, with a maximum drift ratio of 2.22%.
The period elongation of the CC-EQ building, in the 1.6g PGA test, ranged from 88% to 208%
after which the building collapsed. The ultimate drift recorded was 2.7%, however the peak
capacity drift prior to the major crack opening and spalling of the concrete was estimated from
the video recording to be between 1.6-2%. The CRuC-EQ building had a period elongation of
331 and 338% for the 1.6g and 2.0g PGA tests, respectively. The maximum recorded drift of
the confined short column was 7.74%.
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Figure 4.22: Structural period elongation with test progression of CC-EQ and CRuC-EQ building
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4.3 DYNAMIC FRAME ANALYSIS OF THE CC-EQ AND CRuC-EQ BUILDINGS
USING THE SCME

To assess the ability of the strut and tie model developed in Chapter 3 to capture the behaviour
of short columns subjected to dynamic loading, the two buildings tested on the shake-table,
CC-EQ and CRuC-EQ, were each modelled as a single 2-D frame in OpenSees. While during
the experiment both columns were not attached to the short column fixity, and hence an impact
was generated every time the frame hit the stiff internal support, the boundary conditions of
the modelled frames were modified to aid convergence while maintaining an appropriate level
of restraint. To avoid the numerical divergence issues that arise from impact, one of the
columns was modelled with a roller fixity at the short column base, preventing any movement
along the X-direction, while the other column only had an encastre fixity at the foundation. The
frame stiffness in both lateral directions was governed by the two independent diagonal struts
of the short column macro-element in compression, where each strut in the SCME accounts for
the capacity of the corresponding short column. Figure 4.23 illustrates the deformation profile

of the analytical frame modelled in OpenSees and that of the building tested (struts in red).

EX

_________________________

Undeformed frame centreline
Diagonal strut in compression
Diagonal strut in tension

Il

I S

Figure 4.23: Deformation profile of the analytical STM OpenSees model and that of the tested building
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The nodal mass of the analytical model was allocated at four locations as shown in Figure 4.24.
The different tiers of weight allocation are important to capture more precisely the transfer of
forces along the frame. The mass of the slab, beams, and the top 50% of the 300 mm short
column span was allocated at the beam-column joint (345 kg at each node). The mass of the
column below the short column restraint has no effect on the seismic response. The added mass
on top of the slab was aligned with the actual centre of mass of the lead plates to replicate more
realistically the location of the point of application of the inertial forces acting on the structure.
The lead plate nodal mass was connected vertically at the beam-column joint with a rigid
element (1000 kg at each column). The centre of gravity of the lead plates was 83 mm above
the top surface of the slab, which makes the length of the rigid element equal to 213 mm (83 +

260/2).

Rigid
element

Centroid of
lead plates

Mass of slab,
beams, and
top 50% of
short columns

))
4

[TTTITTT7 [TT7I7TT]

Figure 4.24: Nodal mass locations on the analytical model

The layout and dimensions of the struts and ties was based on the methodology outlined in the
previous chapter. The width of the bearing face at node B, w,, 5, was assumed to be the same

as in the static pushover setup and was equal to 25 mm. The reduction in the reinforcement

ratio affected the width of the back face, wy, g, which was equal to 38 mm and 47 mm for the
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CC-EQ and CRuC-EQ building, respectively. The resultant width of the strut, w, 5, was equal
to 44 mm and 52 mm based on a strut inclination angle of 72° and 73° for the CC-EQ and
CRuC-EQ building, respectively. The effective strength of the concrete strut for the CC-EQ
building, f.%, was equal to 21.2 MPa. The CRuC cylinder properties were obtained based on
the constitutive model of Raffoul et al. (Raffoul et al., 2019) using the mean unconfined
rubberised concrete strength and strain (Table 4.6). It was assumed that the strut that formed
within the concrete is well confined as it is in the centre of the cross-section, and hence no
shape-factor was applied to account for the rectangular section of the strut. To account for the
inclination of the strut, Equation 3.6 in Chapter 3 was used to get the effective strength of the
CRuC strut:
fe. = (64 —10.5)sin?73 + 10.5 = 59 MPa

and the effective ultimate axial strain, &&,. was found to be 5.9%.

Table 4.6: RuC and CRuC mechanical properties

Rubberized Concrete frc &rc
60% volume replacement 5.8 0.119

Confined RuC for Ecr ferc Ecrc forc® Ecrc
CRuC (3 Layers of AFRP) 10.5 0.2 64 6.5 59 5.9

Strength f in (MPa), and Strain € in (%)

The modelled frames were subjected to a successive series of PGA excitations as per the
experiments, and the damage state of the frames after each test was used as input for the
subsequent test to simulate the damage accumulation observed in the experimental tests. The
roof displacement time history of the CC-EQ frame model obtained from OpenSees is plotted

against the corresponding experimental results in Figure 4.25.
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Figure 4.25: OpenSees vs. experimental displacement time history (CC-EQ)
A good correlation can be seen between the OpenSees dynamic analysis and the shake-table
results of the CC-EQ building. However, a slight stiffer response for OpenSees is observed for

the PGA test levels below the 0.89. The higher stiffness of the analytical model can be

attributed to the modified boundary conditions at the short column.

98




Roof Displacement (mm)

Stress (MPa)

[
o o

'
[¢]

Chapter 4: Shake-table tests

O Y Wﬂ /”W} h ”U‘\ H WWW“’WWWM i
|

The OpenSees analytical model failed at an imposed excitation level of 1.6g PGA (Figure 4.26).

Figure 4.27 shows the stress time history for both diagonal struts and indicates the peak
compressive strength. Strut A reached its peak capacity at around 4 s into the test; however,
the residual capacity of the concrete model prevented the total collapse of the frame. After the
ultimate strength point was reached, the strut compressive capacity became negligible, and this
can be seen in both figures where the compressive stress decays to zero, and the stiffness of the

frame reduces due to the degradation of the short columns.

iTest _ . N"wg'il,’\m'“"1“”“.”“ ‘\,J/"\” W “ ” ‘M " l ‘NV"

Experiment (PGA=1.6g)

OpenSees

Test Halted

0 2 4 6 8 16

Time (s)
Figure 4.26: OpenSees vs. experiment displacement time-history for the 1.60g test (CC-EQ)
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Figure 4. 27: Stress in the struts during the 1.60g PGA excitation of the analytical model (CC-EQ)

Figure 4.28 below shows the analytical model displacement time-history plotted against the

experimental results for the CRuC-EQ building.
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Figure 4.28: OpenSees vs. experimental displacement time history (CRUC-EQ)
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The roof displacement of the CRUC dynamic analysis for the first PGA level of 0.14g was
lower than that of the experiment by 29%. This can be attributed to the compression of the
AFRP sheet wrapped around the column due to its impact with the short column restraint.
However, the general trend of the analyses results matches the response from the shake-table
tests. The response of the CRuC dynamic analyses for PGA levels 1.6g and 2.0g exhibited up
to 60% higher roof displacement when compared to the experimental results. At the end of the
2.0g PGA excitation, the equivalent stiffness of the modelled CRuC frame was around 1.5
kN/mm, which is less than the 3.8 KN/mm stiffness of the CRuC-EQ building. However, the
unrestrained column reinforcement at this stage yielded, which meant the frame was in the
Phase IV of its lateral behaviour (see Section 3.5 for the full four-phase lateral behaviour). Also,
unlike the experiment which was halted for safety, the simulation delivered the full 2.0g
earthquake time-history, which imposed higher damage on all the structural elements of the

frame, while the short column remained intact.

4.4 CONCLUDING REMARKS

The seismic performance of two buildings was compared experimentally to assess the
behaviour of CRUC. The CC-EQ building collapsed after the short columns exhibited explosive
shear failure. The maximum drift attained before the failure test was 3.35 mm, or 1.1% drift
ratio. The building with short columns made of CRuC was able to withstand higher
accelerations than the CC-EQ building. More importantly, the CRuC short columns
demonstrated higher ductility, with a drift ratio of up to 7.7% (23.2 mm). The strain time-
history results of CRUC-EQ indicate damage progression along all structural members of the
frame. The enhanced global behaviour of the building, as well as the notable improvements at
the local short column level suggest that CRuC can be utilised in short columns and in other

high shear demand regions.

101




Chapter 4: Shake-table tests

The two shake-table tests were modelled and analysed using the SCME STM model described
in Chapter 3. The short column boundary condition of the analytical model was modified to
assist with the numerical convergence. The lumped mass was allocated at two different levels,
to precisely capture the level at which the inertial forces were acting in the experiment. The
model was simulated with the full load-protocol. Good correlation was seen between the

analytical and experimental results, which validates the model to be used in seismic analysis.
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Experimental and numerical investigation of the performance of

confined rubberised concrete base-isolators

Keywords: Base-isolation; Confined Rubberised concrete; Seismic performance; FRP; shake-
table.
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5.1 INTRODUCTION

This chapter discusses the concept of a base-isolation system consisting of CRuC deformable
micro-columns. The first part of the chapter describes the shake-table tests performed on a
building (CRuC-EQ building tested in Chapter 4) mounted on four circular columns made of
CRuC. The superstructure performance is compared to that of the fixed-base. The second part
provides a seismic analysis example of a building, modelled in OpenSees, with a fixed-base

and with base-isolation made with CRuC.

5.2 SHAKE-TABLE TEST ON A STRUCTURE BASE-ISOLATED WITH
SLENDER CRUC COLUMNS

The building with CRuC short columns discussed in Chapter 4 (CRuC-EQ) was mounted on
top of four micro-columns which were proposed to act as a base-isolation system. Even though
the CRuC-EQ building was mildly retrofitted before this third testing phase, it was heavily
damaged after the last test of the second phase (2.0g excitation) and had a lateral stiffness of
3.8 kKN/mm (T=0.24 s) (the undamaged stiffness was 73 kN/mm). This meant that a
comparative evaluation between the fixed-based building (CRuC-EQ) and the base-isolated
one (CRuC-1S0Q), at least in terms of drift, was not possible due to the different initial stiffness
of the superstructures. Nevertheless, this phase of the experimental program aimed at
examining the ductile behaviour of CRUC columns under seismic loading, and its ability to

attenuate the seismic excitation, as well as the mode of failure of the slender CRuC isolators.

5.2.1 Design and manufacture of the base-isolated building

The damaged CRuUC-EQ building was retrofitted by injecting grout in the flexural cracks that
developed in the beams and base of the columns, as well as in the slab. Grout was also injected
in the cracks that developed on the inner side of the joints underneath the slab. A layer of resin

was applied to the edges of the CFRP sheets of the joints to prevent any debonding at the ends.
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The base-isolators comprised of a cylindrical column made of rubberised concrete with a height
of 600 mm and a diameter of 110 mm (Figure 5.1-a). The column’s reinforcement consisted of
six 12 mm diameter longitudinal bars, and a 4 mm diameter shear spiral with a pitch of 50 mm
(Figure 5.1-b). The top and bottom 50 mm of the column were cast into a 5 mm thick hollow
steel cap in order to provide a solid footing for the column. The column was confined with
AFRP sheets with varying thickness (i.e. number of layers) along its height: four layers at the
top and bottom 150 mm, two layers at the centre 100 mm, and three layers at the rest (Figure
5.1-c). The four layers of confinement at the ends were intended to provide extra safety and
ductility, as the plastic hinge was expected to form within that portion of the base-isolaor. The
ultimate moment capacity of the columns was found to be approximately 13 kNm, from section
analysis, while the shear resistance of the unconfined section was estimated to be 15 kN
(according to EC2, (EN 1992-1-1, 2004)), with an additional contribution of 10 kKN from the

shear spiral reinforcement.

(a) (b) (c)
,—[,,,;30 L 1
110 50 6H12
- X
4 Layers
3 Layers
110 '
» N 500 2 Layers 100 H4 Spiral
,,,,,,, 50 mm Pitch
3 Layers 100
|, CRuC I
coumn |} 1
4 Layers 100
> Steel Cap
L 1 L 1

Figure 5.1: a) Geometry of the CRuC base-isolator, b) AFRP layout, c) Detailing of the reinforcement (units in mm)
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The steps below describe the process of manufacturing the CRuC base-isolators (Figure 5.2):

1. The top and bottom 30 mm thick steel plates were positioned via four removable steel

rods to give a clear height of 600 mm for the column.

2. Six holes were drilled into both plates to insert the longitudinal reinforcement.

Additionally, a central 40 mm hole was drilled for casting the concrete.

3. The steel caps were positioned in the centre of the plates followed by the shear spiral

reinforcement and the whole assembly was then welded into place (Figure 5.2-a).

4. The longitudinal bars were then inserted into the pre-drilled holes and welded at the top

and at the bottom (Figure 5.2-b).

5. The spiral reinforcement was tied to the longitudinal bars and the strain gauges were

placed on the reinforcement.

6. A polyvinyl chloride (PVC) pipe was cut open on its long side and then secured tightly

around the steel caps (Figure 5.2-c).

7. RuC was cast through the casting hole in the steel plate. The PVC formwork was

removed and the column was allowed to cure.

8. The RuC column was confined with AFRP sheets using the wet lay-up process

described in Appendix B1 (Figure 5.2-d).
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, ”.}‘ﬁ..

TR

Figure 5.2: Manufacture of the CRuC base-isolator: a) Positioning of steel plates, caps, and reinforcement, b) Welding of

reinforcement, ¢) Formwork and casting, d) AFRP confinement
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5.2.2 Material Properties

The same CC base mix described in chapter 4 was used with 60% by volume of fine and coarse
aggregates replaced with rubber particles. However, due to the small cross-section size of the
base-isolator the size of the coarse aggregates was limited to 8 mm. Table 5.1 summarizes the
compressive mechanical properties of the CC base mix (average of three cylinders), and the
RuC mix (average of five cylinders) tested in uniaxial compression according to EN 12390.
The same steel described in chapter 3 for the longitudinal bars and transverse stirrups was used

to reinforce the base-isolators. S&P A120/290 AFRP sheets were used to confine the base-

isolators.
Table 5. 1: Mechanical properties of the concrete mixes used for the base-isolators
I Concrete fem & Ec for*
Building 1D type (MPa) (mm/m) (GPa) (MPa)
CC* 42 2.08 31 3.62
CRuC-1SO
RuC 5.4 1.14 7.1 0.84

* Concrete tensile strength calculated based on Bompa et al.”s model for RuC (Bompa et al., 2017)
* Conventional concrete base mix that was used for the rubberised concrete.

5.2.3 Test setup, instrumentation, and test sequence

The CRuUC-EQ building was mounted on four CRuC base-isolators by bolting the steel
foundation to the top steel plate, while the bottom steel plate was bolted to the shake-table
(Figure 5.3). Each of the base-isolators was positioned concentrically under the columns of the
superstructure. A stack of wooden planks was fixed on the shake-table underneath the steel
foundation to safeguard from heavy impact in the case of collapse of the base-isolating system.
The additional gravity load was the same as in the CRUC-EQ test: 40 kN provided by bolting
15 lead plates on the slab. The total mass of the superstructure along with the foundation was

estimated to be 7 tons.
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Figure 5.3: CRuC-ISO building positioned on the shake-table prior to testing

The CRuC-1SO building was instrumented with eight piezoelectric accelerometers, four at the
top level of the base-isolators, and four at the top of the superstructure, which recorded
accelerations in the X and Y direction. Additional three accelerometers were connected to the
shake-table to record ground accelerations in the X-Y-Z axis. Five wire displacement
transducers, connected to a fixed outside frame, measured the absolute displacement of the
shake-table (xTable), the top of the base-isolators (xIso-1,2), and the top of the building (xTop-

1,2). Figure 5.4 shows the external instrumentation used for the CRuC-1SO building.
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aTop-x1 aTop-x2

xTable

Figure 5.4: Instrumentation of the CRuC-1SO building

In addition to the displacement and acceleration instrumentation, two diagonally opposite base-
isolators were instrumented with seven strain gauges each. Four strain gauges attached 70 mm
away from the top and bottom of the longitudinal reinforcement (SG1-4), one attached on the
spiral reinforcement (SG5), and two strain gauges attached at the top and bottom of the AFRP

sheet (Figure 5.5).
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Figure 5.5: Strain gauge instrumentation of the base-isolator
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The seismic record and test sequence described in chapter 4 were used to perform the shake-

table test on the CRuC-1SO building.
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5.2.4 Numerical modelling of the CRuC base-isolator

The CRuC base-isolator column was modelled in Abaqus in order to examine its ductility and
general behaviour. The top and bottom round steel cap were not modelled, as a perfect tie bond
was assumed at the top and bottom surfaces. The column had a clear height of 500 mm and
diameter of 110 mm. The shear links were modelled as circular hoops at a spacing of 50 mm
each, which should confine the core RuC in a similar way to the shear spiral. The longitudinal
bars were extended and embedded into a top and bottom load plates (Figure 5.6). The column
was confined with three layers of AFRP modelled as a skin reinforcement with elastic lamina

material.

-

Figure 5.6: Steel embedded into the CRuC base-isolator modelled in Abaqus

The RuC stress-strain behaviour was obtained from the constitutive material model proposed
by Bompa et al. (Bompa et al., 2017) based on the RuC mean cylinder strength (Table 5.1).
The default parameters for the CDP material model were used, with a dilation angle of 45°,
and a viscosity parameter of 1 x 107>, A gravity load of 17.5 kN, which was the estimated
experimental axial load, was applied as a concentrated force on the reference point tied to the

top load plate. The column was pushed laterally under a double-curvature boundary condition.
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Figure 5.7-a below shows the lateral load-displacement of the CRuUC column, with drift values
at the top x-axis. The CRuC base-isolator had an initial stiffness of 6 kN/mm. Yielding of the
first and second layer of longitudinal reinforcement (i.e. the most external reinforcing bar, and
the adjacent two reinforcing bars closer to the middle of the section) occurred at 36 and 44 mm,
respectively. The ultimate lateral resistance of the base-isolator was 44 kN at lateral
displacement of 115 mm (23 % drift). At that level, the AFRP jacket reached its rupture strain
at the bottom compression side of the base-isolator. The shear demand on the fibres, along with
extra stress from the local crushing and expansion of the RuC caused a high stress concentration

on the compression side at the bottom and top level of the base-isolator (Figure 5.7-b).
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Figure 5.7: a) Lateral load-displacement response of the CRUC base-isolator Abaqus model, b) AFRP Jacket hoop strain

(EE11) at the pre-defined rupture strain level
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5.2.5 Time history performance and analysis of the CRuC-1SO building

Table 5.2 summarises the seismic performance of the CRuC-1SO building in terms of natural frequency, period, equivalent stiffness, maximum
displacement and acceleration at the isolator level and top of superstructure, as well as maximum strain measurement at the flexural reinforcement
and AFRP confinement of the base-isolator. Unfortunately, the strain gauge placed on the shear spiral reinforcement was damaged during casting
and did not provide any reading. Plots of all the data recorded during the seismic test are placed in Appendix C1: Time history results of the CRuc-

iso shake-table test.

Table 5.2: Summary of the time history performance parameters of the CRuC-I1SO building

Maximum relative displacement Maximum flexural Maximum AFRP

TestID/ f T (mm) (drift %) Maximum acceleration (g) reinforcement strain strain
ron el (H2) s) To?sgfa?oljuc S:-rzgtﬁie To?sgllca?ol?uc S;I;’(l)JF():t(L)JT’e (ne) (e)
Undamaged 4.90 0.204 - - - - - -
0.14g 4.71 0.212 1.97 (0.33%) 2.47 (0.82%) 0.23 0.33 245 176
0.2g 4.32 0.231 3.21 (0.54%) 4.02 (1.34%) 0.32 0.55 416 239
0.28g 3.86 0.259 4.55 (0.76%) 6.21 (2.07%) 0.46 0.83 727 518
0.4g 3.25 0.308 7.51 (1.25%) 8.84 (2.95%) 0.69 1.11 1503 724
0.8g 2.41 0.415 23.0 (3.84%) 14.2 (4.73%) 1.54 1.86 3673 1927
1.69 1.32 0.756 60.5 (10.1%) 17.8 (5.93%) 2.02 2.10 >10000 7902
2.0g* 0.84 1.198 105 (17.6%) 16.3 (5.44%) 2.07 1.98 - 11628

The drift for the base-isolator and short column at top of structure were considered based on the 600 mm height, and 300 mm clear height, respectively.

* During the 2.0g PGA test, the building failed by rupture of the AFRP in the base-isolators.
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It was estimated from a Fast Fourier Transform (FFT) of the relative response of the
superstructure that its natural period (T) was between 0.21 and 0.23 seconds (equivalent
stiffness ranging between 10 to 5 kN/mm), which was slightly stiffer than the last state attained
after the second phase of testing, owing to the repair of the cracks through grout injection. The
natural period of the CRuC-ISO system (0.204 s) was marginally smaller than that of the
superstructure, which is opposite to the purpose of base-isolation where the natural period is
increased and the acceleration response of the structure is decreased. The latter can be attributed
to the fact that the base-isolators were stiffer than originally designed, due to the use of a top
and bottom steel cap which reduced the bending height, as well as the use of a large
reinforcement ratio of 7.2%. However, these adjustments were deemed necessary to prevent
local rupture or slippage that could cause collapse of the superstructure and compromise the
safety of the operators. A natural period of 0.204 s meant that the CRuC-I1SO building was
located at the plateau of the response spectrum of the applied acceleration record. This
increased the response acceleration of the CRuUC-1SO specimen by a factor of almost 2.5 for

the tests up to and including the 0.8g excitation.

During the 0.4g PGA test, a 0.699 acceleration was recorded at the top of the CRuC isolator,
whereas the top of the superstructure experienced a 1.13g acceleration. This high response is
owed mostly to the spectral amplification factor. The latter test imposed a drift ratio of 1.25%
for the base-isolators, and a 2.95% (8.84 mm) for the shear dominated short columns at the top
of the structure. In comparison, during the 0.8g test on the fixed-base CRuC-EQ building
(Chapter 4), a roof acceleration of 1.72g caused a maximum roof displacement of 6.65 mm
(2.22%). However, the CRUC-EQ building had a stiffness of 20 kN/mm prior to that test, which
limited the resultant drift compared to the significantly less stiff CRuC-1SO superstructure. A
more detailed comparison between the CRuC-EQ and CRuC-ISO experimental tests is

provided in Section 5.2.6.
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During the 0.8g PGA test, the response acceleration and displacement at the top of the
superstructure were 1.86g and 14.2 mm (4.73%), respectively. The CRuC base-isolators were
subjected to a drift ratio of 3.84% (23 mm), at which point the first yielding occurred in the
flexural reinforcement (3673 pe) (Figure 5.8), and the maximum strain recorded on the AFRP
was 1927 pe. The yielding of the reinforcement softened the CRuC base-isolators, which in
turn shifted the natural period of the CRuC-ISO system to 0.415 s, almost double the
undamaged T. Despite the longer period, the system was still inherently stiff, and the building
T was still located at the plateau of the response spectrum, which can explain the high

acceleration response at the top of the base-isolators (1.549).
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Figure 5.8: Strain time history of the base-isolator flexural reinforcement (PGA=0.80g)

During the 1.6g PGA test, the CRUC base-isolators further lost stiffness, which pushed the
natural period of the CRuC-ISO building to 0.76 s. This is evident in the reduced amplification
of the acceleration from the ground (up to 1.6g) to the top of the base-isolating foundation,
which was around 1.26, compared to the amplification for the 0.8g test of around 1.9. The
maximum drift recorded in the base-isolators was 10% (60 mm) (Figure 5.9), and the strain
gauge on the longitudinal reinforcement reached its measurement limit of 25000 pe (Figure
5.10), which indicates high plasticity of the reinforcement. The maximum AFRP strain
recorded was 7902 pe (0.79%), which was only about 45% of the rupture strain (1.75%) (Figure
5.11). Visual inspection of the AFRP after this test, however, showed mild whitening of the
fibres at the top and bottom of the base-isolators, indicating substantial strain concentration at

that level, as well as debonding due to the high flexural deformation in the plastic hinge zone

116




Chapter 5: Base-isolation using CRuC

(Figure 5.12). The results of the numerical simulation of the base-isolator (Section 5.2.4) show

similar stress concentration in the AFRP at the same location, due to the expansion of concrete

at that level, as well as possible buckling of the longitudinal reinforcement.
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Figure 5.9: Base-isolator drift time history for the CRuC-1SO building (PGA=1.60g)
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Figure 5.10: Strain time history of the base-isolator flexural reinforcement (PGA=1.60g)
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Figure 5.11: Strain time history of the base-isolator AFRP jacket (PGA=1.609)

Figure 5.12: Strain concentration in the AFRP at the bottom of the CRuC base-isolator
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The 2.0g PGA test imposed a drift of around 17.6% (105 mm) on the CRuC base-isolators
which lead to the rupture of the AFRP (see Figure 5.14). The maximum recorded strain in the
AFRP was 11628 pe (Figure 5.13). At the end of the 2.0g PGA test, the natural period of the
CRUC-ISO building was around 1.2 s. The maximum recorded acceleration at the top of the
base-isolator was 2.07g, which is a negligible amplification from the ground PGA of 2.0g,
hence, demonstrating the reduction in the response acceleration due to shifting of the natural

period of the structure.
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Figure 5. 13: Strain time history of the base-isolator AFRP jacket (PGA=2.0g)

Figure 5.14: Rupture of the AFRP jacket of the base-isolators after the 2.0g PGA test
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5.2.6 Comparative evaluation of the CRUC-EQ and CRuC-1SO building response

Table 5.3 summarises the maximum roof displacement and acceleration recorded during the

CRuC-EQ and CRuC-ISO shake-table tests for every excitation level.

Table 5.3: Comparison of the maximum roof displacement and acceleration between the CRUC-EQ and CRuC-EQ building

Maximum roof displacement (mm)

Maximum roof acceleration (g)

Acceleration

TestID/

PGA level (Iglsgdc l_)ige) (Bi?et-ﬁ;ligd) Ratio* (E,Fi;f t_xEs?) (E(a:aseﬁ:;?d) Ratio b:;;el\;gllaotgr
0.13g 021 (0.07%) 2.47(0.82%) 118 0.25 0.33 1.32 0.23
0.29 036 (0.12%)  4.02 (134%)  11.2 0.43 0.55 1.28 0.32g
0.28g 0.62(021%) 621 (207%)  10.0 0.63 0.83 131 0.46g
0.49 201(0.67%) 8.84(295%)  4.40 0.88 111 1.26 0.69
0.89 6.65(2.22%) 14.2(473%)  2.14 172 1.86 1.08 1549
1.69 171 (5.71%)  17.8(5.93%)  1.04 256 210 0.82 2.02g
2.0g 232 (7.74%) 163 (543%)  0.70 3.26 1.98 0.61 2.07g

*Ratio of the CRuC-I1SO performance parameter to that of the CRUC-EQ

The drift ratio (shown between parenthesis) was considered based on the 300 mm clear height of the short column

The drift in the short column at the top of the superstructure of CRuUC-1SO was significantly

larger than that of the CRUC-EQ building (up to 11.8 times), at least for the first four PGA tests.

This can be attributed to two main reasons:

1) As mentioned earlier, the CRuC-1SO superstructure was much softer than that of the

CRuC-EQ at the initial stage of testing, due to the permanent damage sustained. While

CRUuC-EQ had an estimated lateral stiffness of 73 kN/mm, the CRuC-ISO

superstructure stiffness ranged between 5-12 KN/mm. This meant that the displacement

response was much higher for the CRuUC-1SO superstructure for the same level of

inertial force.

2) The other main factor that caused the much higher drift in the CRuC-1SO superstructure

was the fact that the natural period of the CRuUC-1SO system (around 0.2 seconds) was

located at the constant acceleration branch of the response spectrum, while that of the

CRuC-EQ structure (around 0.05 seconds) was located at the very start of the ascending
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acceleration branch (Figure 5.15). This meant that the response amplification factor for
the CRUC-1SO building was much higher than that of the CRuC-EQ building. This is
evident in the response acceleration at the top of the base-isolators, which underwent

higher accelerations than the ground PGA (Table 5.3).
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Figure 5.15: Undamaged natural period of CRUC-ISO and CRuC-EQ and the ECS8 elastic spectrum for the 0.8g excitation

Due to the aforementioned reason of the response amplification factor, the acceleration
recorded at the top of the CRuC-1SO superstructure was on average 25% more than the
acceleration recorded on the roof of the CRUC-EQ building, for the first 5 excitation level tests.
However, during the 1.6g and 2.0g tests, the natural period of the CRuC-1SO building shifted
towards the descending acceleration branch, at T=0.76 and 1.2 s, respectively. This reduced
the response acceleration of the structure, and in turn reduced the imposed displacement (drift)
at the superstructure. This is evident in the reduction of the roof acceleration for the CRuC-
ISO superstructure by 18% and 39% at the 1.6g and 2.0g PGA test, respectively. The short
column drift, however, was 4% larger for the CRuUC-1SO superstructure during the 1.6g test,
due to the fact that the CRuC-EQ building at that stage still had a higher lateral stiffness (K=6

kN/mm).
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5.3 COMPARATIVE EVALUATION OF THE PERFORMANCE OF A FIXED-
BASE BUILDING AND A CRuC BASE-ISOLATED BUILDING

In order to gain a better understanding of the capability of CRuC as a base-isolating material,
an analytical model was built to examine the seismic response of a reinforced concrete frame

with a fixed base and with a base-isolation system made of a series of CRuC micro-columns.

5.3.1 Description and design of the superstructure RC frame

A four-storey three-bay reinforced concrete frame was designed in SAP2000 (CSI, 2021)
according to the provisions of Eurocode 8 (EN 1998-1, 2004) (See Appendix C2). The building
was considered to be of importance factor = 1, with a viscous damping ratio of 5%, designed
as a medium class ductility system for a PGA=0.3g, and ground type B. The external bays were
4.5 m wide, while the internal bay had a width of 5 m. The ground floor had a height of 3.6 m,
while all the other floors were 3.3 m high, with a total structure height of 13.5 m. The RC frame
considered in this design was an internal frame of a building with an out-of-plane bay width of

6 m (Figure 5.16).
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Figure 5.16: a) Elevation view of the designed RC frame, b) Plan view of the building with the internal frame highlighted
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The thickness of the slab was 180 mm for all floors. An unfactored permanent load gk of 1.0
kN/m? was assumed for finishes, while an unfactored imposed load g« of 1.0 and 2.5 kN/m?
was taken for the roof and all other storeys, respectively. The concrete strength class was
C35/45, while all flexural and shear reinforcement were Grade B500B with a characteristic
yield strength fyx=500 MPa. The distribution of the applied gravity loads onto the beams and
column nodes was done using a tributary area distribution, were all the lines were assumed to

bisect the corners at 45° (Figure 5.17).
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Figure 5.17: Distribution of the applied gravity loads on a) the beams and on b) the column nodes of the RC frame

The seismic design considered here was the linear-elastic multimodal response spectrum
method. The latter reduces the seismic forces obtained from linear analysis by using a design
spectrum, which is obtained by reducing the elastic response spectrum by the behaviour factor
g (Eq. 5.1):

q = qoKy (5.1)

where Qo is the basic value of the behaviour factor and is equal to 3(ow/a1) for a ductility class

medium (DCM) moment resisting frame system, and Kw reflects the prevailing failure mode
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in structural systems and is taken as 1.0 for frame systems. ow/au is the overstrength factor and
is equal to 1.3 for a regular multi-storey multi-bay RC frame building. (hence g = 3.9)

The linear elastic response spectrum was considered for an earthquake with a reference PGA
on rock ground (agr) equal to 0.25g. The spectrum type | was chosen, with a building of
importance factor = 1.0 (importance class 1), located on soil type B, and with a damping ratio
of 5%. Figure 5.18 below shows the elastic response spectrum, the design spectrum, as well as

the time history acceleration of the artificial earthquake to be applied and its spectrum.
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Figure 5.18: Left: Elastic response spectrum, design spectrum and earthquake spectrum; Right: Time history acceleration of

the artificial earthquake

Nodal mass was assessed according to the modal analysis based on the applied axial load to
the beams and joint nodes. Figure 5.19 shows the vibration mode shapes of the superstructure
and the natural period and effective modal mass for each of these vibration modes. The joint
mass obtained from the load combination including dead, live, and seismic loads, was used in
OpenSees to define the mass along the x-direction, or the direction of the horizontal ground
motion. Precise allocation of the joint mass gives accurate results in terms of natural period of

the structure, as well as proper distribution of the inertial forces along the building.
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Figure 5.19: Left: Vibration mode shape of the superstructure and Right: Mode shape periods and effective modal mass

The cross-section check option in SAP2000 was used after the load combination analysis to
design and optimize the RC beams and column size, as well as the reinforcement layout. The

final beams and column cross-section layouts are shown in Figure 5.20 below.
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Figure 5.20: Cross-section layouts of the columns and beams of the superstructure RC frame (units in mm)

The cross-sections were designed such that all joints met the Eurocode 8 condition on ductility
and the prevention of a soft storey. As such, the sum of design moment resistances of the

columns connecting at any joint (Mrc), was at least 1.3 times that of the beams intersecting the
same joint (Mro).
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5.3.2 Design of the CRuC base-isolators

The superstructure designed for the 0.30g reference PGA was placed on a set of micro-columns
made of confined rubberised concrete, which formed the base-isolating system. Each column
is considered to be a CRuC base-isolator with a height of 1.5 m (Figure 5.21-a). The latter had
a circular cross-section to ensure maximum efficiency of the FRP confinement. The diameter
of the cross-section, amount of reinforcement, as well as the number of the CRuC base-isolators
were calibrated to ensure a total moment capacity at least greater than the moment capacity of
the 1% floor columns (210 kNm). Twenty CRuC base isolators were chosen with a diameter of
200 mm and 6H16 longitudinal bars (Figure 5.21-b), each with a moment capacity of 44 kNm.
The base isolators were confined with three layers of AFRP. The mechanical properties of RuC
were taken as those of the material used for the CRuC-ISO building (Table 5.1). A rigid stiff
beam was assumed at the ground level connecting the footings of the first-floor columns. The
twenty base-isolators were connected at the top node to the rigid beam, and had a full fixity
boundary condition at the bottom node. The seismic response results of the latter described

model can be found in Appendix C3.
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Figure 5.21: a) Elevation view of the base-isolated building, and b) Cross-section description of the CRuC base-isolator
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The latter design was based on the equivalent moment capacity of the superstructure ground
level columns. The analysis showed a much lower moment demand on the CRuC base-isolation
system, up to 61% decrease in the over-turning moment imposed at the base. Hence, the base-
isolation system was changed by decreasing the number of the base-isolators used to 13 instead
of 20, as well as increase their height from 1.5 m to 1.8 m. This will reduce the stiffness of the
base-isolation system, elongating the natural period of the whole structure which will reduce
the acceleration response. The base-isolators are spaced at 1.15 to 1.2 m apart. The cross-
section dimensions and reinforcement layout were unchanged. The design of the superstructure
was the same for the fixed-base case. Figure 5.22 shows the elevation view of the new structure

referred to as “Base-isolated#2”.
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Figure 5. 22: Elevation view of the base-isolated#2 building
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5.3.3 Fixed-base versus CRuC base-isolated#2 seismic response
The fixed-base and base-isolated buildings were modelled in OpenSees. All structural elements
were modelled as force beam-column elements. The fixed-base building was fully fixed at the
bottom node of the first-floor columns, while the base-isolated building was fully fixed at the
bottom nodes of the base-isolators. The concrete in the beams and columns of the
superstructure had Concrete02 material definition, with the core having additional capacity to
account for the confinement provided by the stirrups. The confined rubberised concrete was
modelled using ConcreteO1 material; the full biaxial behaviour was obtained using the
experimental strength value fcm=5.4 MPa as input (Raffoul et al., 2019). The longitudinal
reinforcement was modelled with Steel02 material definition in OpenSees.
The two buildings were subjected to the earthquake excitation shown in Figure 5.18, at 50%,
100%, and 150% of the PGA value of 0.30g, which corresponds to the return period of 475
years according to Eurocode 8 design provisions. The nonlinear time-history dynamic response
of the two buildings was recorded and compared in terms of natural period, inter-storey drift,
maximum roof displacement and acceleration, as well as maximum base shear and moment.
53.3.1 Natural period and global damage index
The global damage index (GDI) provides a quantitative method to assess the global damage
taken by a building after an earthquake by comparing the natural period of the structure before
and after the earthquake. This study uses the global damage index proposed by DiPasquale et
al. (Dipasquale et al., 1990). The natural period elongation of a building provides an estimate
of the global damage sustained by the building during an earthquake (Garcia et al., 2017).

7.\
GDI =1— <T—f> (5.2)

where Ti and Tt are the natural structural period before and after the earthquake, respectively.

The natural periods are obtained from a modal analysis by obtaining the eigenvalues.
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A GDI value ranges between zero and one, with zero indicating no change in the natural period
and accordingly no damage to the structure, whereas a GDI value of one indicates theoretical
collapse of the building. Table 5.4 below shows the undamaged natural period of the two

buildings, the period after the application of the excitation record, and the corresponding GDI.

Table 5.4: Natural period evolution of the fixed-base and base-isolated#2 building, and corresponding damage index

PGA Fixed-base Base-isolated#2

Ti(s) T (S) GDI Ti(s) T (S) GDI
0.15g 0.643 0.873 0.458 1.014 1.058 0.081
0.30g 0.643 1.115 0.667 1.014 1.152 0.225
0.45g 0.643 1.152 0.688 1.014 1.174 0.254

The base-isolated#2 building had an undamaged natural period of 1.014 s, which is 58% longer
than that of the fixed-base, and 30% longer than the natural period of the first designed base-
isolated building. The GDI indicates that the global damage taken by the base-isolated#2
building is significantly smaller than in the fixed-base, and also smaller than the base-isolated
building (Figure 5.23). This result confirms that the new system with a smaller number of
isolators, and higher clear height, attains a longer structural period, which reduces the
acceleration response of the structure, hence the less damage indicated by the GDI. This
confirms the need to optimise the CRuC base-isolation system to deliver a designed target

period which will provide the safest protection/isolation from the seismic wave and energy.
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Figure 5. 23: Global damage index after each PGA excitation for the three buildings
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5.3.3.2 Inter-storey drift ratio
Table 5.5 shows the maximum inter-storey drift ratio (IDR) at the various levels of the

superstructure for both fixed-base and base-isolated#2 structure for all PGA excitations.

Table 5.5: Maximum inter-storey drift ratio for the fixed-base and base-isolated#2 building

Fixed-base Base-isolated#2*
PGA Level1 Level2 Level3 Roof Level 1 Level 2 Level 3 Roof
0.15¢ 0.39 0.45 0.55 0.48 0.24 (37%) 0.29 (35%) 0.30 (46%) 0.26 (47%)
0.30g 0.89 1.06 1.40 1.24 0.43 (51%) 0.49 (54%) 0.63 (55%) 0.51 (59%)
0.45¢ 1.32 1.71 2.22 1.79 0.53 (60%) 0.63 (63%) 0.73 (67%) 0.63 (65%)

Drift ratio is in percent.
* The percent reduction in drift for the base-isolated building is shown in parenthesis.

The new base-isolated#2 building had between 35% to 67% less drift ratio compared to the
fixed-base building, for various floors and PGA excitations.
It is evident from the results that for a more efficient base-isolation system, there is more
reduction in the drift ratio experienced by the building for stronger earthquakes. The latter
could be attributed to the early softening of the CRuC base-isolators due to high force demand.
The softer branch of the CRuC bilinear stress-strain behaviour possess higher damping and a
lesser acceleration response.
Eurocode 8 prevents excessive damage by limiting the inter-storey drift ratio (IDR) for the
frequent earthquake (10% probability of exceedance in 10 years) as shown in Equation 5.3:
d.v < a;h (5.3)
where dr is the design storey drift calculated from the difference of the top and bottom storey
displacement at that storey, v is the reduction factor which accounts for the frequent
earthquakes associated with serviceability and is equal to 0.5 for buildings with importance
class I and II, ai is equal to 0.01 for buildings without non-structural elements, and h is the
storey height. Table 5.6 shows the values of (drv)/a values and the corresponding check against

the corresponding storey height.
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Table 5.6: Eurocode 8 inter-storey drift limitation check; values in table are (drv)/o

Fixed-base Base-isolated#2
PGA Level 1 Level 2 Level 3 Roof Level 1 Level 2 Level 3 Roof
(3.6 m) (3.3m) (3.3m) (3.3m) (3.6 m) (3.3m) (3.3m) (3.3m)
0.30g 1.60 v 1.75v 231V 2.04 v 0.77 v 0.81 v 1.04 v 0.84 v

(dr-v)/a values shown are in meters, and compared to 3.6 or 3.3 m depending on storey height.

The limitation of inter-storey drift of the fixed-base building is safe for the frequent earthquake.
The base-isolated#2 building passes the inter-storey drift check for all levels with a better safety
margin than the fixed-base building.

Figure 5.24 shows the time-history IDR of the third storey (Level 3), for the three PGA
excitations, along with drift limits as given by VISION 2000 (SEAOC, 1995). VISION 2000
specifies an IDR of 0.2% as fully operational (FO), 0.5% imposes minor damage to the building
but still operational (O), 1.5% is heavy damage with possible risk to life safety (LS), and an

IDR of 2.5% indicates the building is in a near collapse (NC) state due to severe damage.
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Figure 5.24: Time-history inter-storey drift of the third floor
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In general, the time-history response of the base-isolated building had less inter-storey drift.
However, few peaks were out-of-phase due to the different structural period and this led to
higher IDR for the base-isolated building at some instances. That being said, the maximum
drift recorded for all PGA excitations was always higher for the fixed-base building. Due to
the change of stiffness between the second and third floor, the third floor IDR is the biggest
among the other floor. Although none of the buildings reached a near collapse condition, an
IDR of 2.22% was reached at Level 3 of the fixed-base building, during the 0.45g PGA
earthquake, which indicates heavy to severe damage of the structure. The base-isolated#2 level
3 drift only crosses the operational drift limit during the 100% and 150% of the design PGA,
at 0.63% and 0.73% drift ratio, respectively.

Figure 5.25 shows the time-history inter-storey drift ratio, and drift value in mm, for the base-
isolation foundation level. The latter seismic results are not compared against any drift limits,
as the foundation level is supposed to accommodate for large drifts, and the base-isolator

columns are designed for this, unlike regular structural elements.
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Figure 5. 25: Time-history inter-storey drift of the base-isolation foundation level
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5333 Second order effects
Eurocode 8 provides the criterion for considering second order effects (or P-A effects) based
on the inter-storey drift sensitivity coefficient “0” for the ultimate limit state (rare/design
earthquake with 10% probability of exceedance in 50 years). Theta (0) is defined according to
the following equation.

_Ptot'dr

0 =
Vtot'h

(5.4)

where dr is the inter-storey drift as described in Equation 5.3, h is the storey height, P;,; is the
total gravity load at and above the storey as per the seismic design (DeadLoad + 0.3*LiveLoad),
and V,, is the total seismic storey shear obtained from the analysis.

If Theta (0) is less than 0.1, then P- A can be neglected, and if 0.1 <8 < 0.2, then second order
effects need to be accounted by multiplying the seismic action by 1/(1 — 6).

Table 5.7 show the input needed for the calculation of the inter-storey drift sensitivity

coefficient, for the 0.30g excitation which has a return period of 475 years.

Table 5. 7: Determination of the inter-storey drift sensitivity coefficient 6 (PGA=0.30Q)

Fixed-base Base-isolated#2
dr Ptot h Vot 0 dr Prot h Vot 0
(m) (KN) (m) (KN) (m) (KN) (m) (KN)
Roof 0.041 407 3.3 196 0.026 0.017 407 3.3 127 0.016
Level 3 0.046 850 3.3 331 0.036 0.021 850 3.3 222 0.024
Level 2 0.035 1322 3.3 404 0.035 0.016 1322 3.3 272 0.024
Level 1 0.032 1799 3.6 493 0.032 0.015 1799 3.6 336 0.023
Foundation - - - - - 0.045 2279 1.8 362 0.157
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Figure 5.26 and 5.27 show graphically the storey drift, cumulative axial load, storey shear,
and the inter-storey drift sensitivity coefficient 6 for the Fixed-base and Base-isolated#2

building, respectively, for the 0.30g excitation which has a return period of 475 years.

OTheta
Roof 0.041 Roof 407 Roof 196 Roof 0.026
Level 3 0.046 Level 3 850 Level 3 331 Level 3 0.036
Level 2 0.035 Level 2 1322 Level 2 404 Level 2 0.035
Level 1 0.032 Level 1 1799  Level 1 493 Level 1 0.032 a3
1
[e>]
O Storey drift in metre O Total axial load (kN) D Total shear load (kN) 0.00 0.03 0.06 0.09 0.2

Figure 5. 26: Storey drift (m), cumulative axial load (kN), storey shear (kN), and sensitivity coefficient & (Fixed-base,

PGA=0.309)
OTheta
Roof 0.017 Roof 407 Roof 127 Roof 0.016
Level 3 0.021 Level 3 850 Level 3 222 Level 3 0.024
Level 2 0.016 Level 2 1322 Level 2 272 Level 2 0.024
| ]
K
Level 1 0.015 Level 1 1799 Level 1 336 Level 1 0.023 ®
Foundat Foundat Foundat Foundat
ion 0.045 ion 2279 ion 362 ion 157
O Storey drift in metre D Total axial load (kN) DO Total shear load (kN) 0.00 0.08 0.16

Figure 5. 27: Storey drift (m), cumulative axial load (kN), storey shear (kN), and sensitivity coefficient 6 (Base-isolated#2,
PGA=0.30g)
In the case of the fixed-base building, the second order effects may be neglected as the inter-
storey drift sensitivity coefficient is smaller than 0.1 for all storeys. The same is true for the
base-isolated building, except for the foundation level, or the base-isolator level. 6 = 0.197 for
the 0.45g PGA excitation. However, as the foundation level acts as a base-isolation system that
decouples the structure from the ground, it is permissible to have 6 higher than 0.1, since the
elements are designed for this high drift and shear capacity. The Eurocode 8 check for P-A

effects applies to the main structural elements.
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53.3.4 Maximum roof displacement and acceleration

Table 5.8 shows the maximum roof displacement relative to the ground level, and the

maximum roof acceleration for the fixed-base and base-isolated#2 building.

Table 5.8: Maximum roof displacement relative to ground, and maximum roof acceleration

Maximum roof displacement (cm) Maximum roof acceleration
PGA Fixed-base Base- Ratio* Fixed-base Base- Ratio
Isolated#2 Isolated#2
0.15¢ 5.35 3.47 0.65 0.399 0.28¢ 0.72
0.30g 13.1 6.62 0.50 0.65¢ 0.45¢ 0.69
0.45g 20.8 7.20 0.35 0.84g 0.58g 0.69

*Ratio of the base-isolated building’s performance parameter to that of the fixed-base building.

The base-isolated building experienced on average, between 35-65% less roof displacement

compared to the fixed-base building, as well as 28-31% less roof acceleration, significantly

less than the response of the first isolation design (Figure 5.28). The reduction is more evident

throughout the middle of the excitation time-history, which could be owed to the CRuC base-

isolators getting more activated at high accelerations.
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Figure 5. 28: Maximum roof displacement for the three buildings

Figure 5.29 and 5.30 show the time-history maximum roof displacement and maximum roof

acceleration, respectively.
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Figure 5.30: Time-history roof acceleration (Base-isolated#2)

Roof acceleration, PGA=0.15g

---- Base-isolated

25

135




Chapter 5: Base-isolation using CRuC

5.3.35 Maximum base shear and moment
Table 5.9 shows the maximum base-shear and base-moment recorded for the fixed-base and

base-isolated#2 buildings.

Table 5.9: Maximum base-shear and base-moment for the fixed-base and base-isolated#2 building

Maximum base-shear (kN) Maximum base moment (KNm)
PGA Fixed-base Base- Ratio* Fixed-base Base- Ratio
Isolated#?2 Isolated#2
0.15g 338 249 0.73 728 280 0.38
0.30g 493 362 0.73 1003 431 0.43
0.45g 566 385 0.68 1005 459 0.46

*Ratio of the base-isolated building’s performance parameter to that of the fixed-base building.

The base-isolated building experienced on average, between 28-32% less base-shear compared
to the fixed-base building. This is mainly attributed to the lesser spectral acceleration response
of the base-isolated building due to the period shift. The base-shear reduction of the base-
isolated#2 building was higher than the first isolation setup, which is expected due to the less
force demand imposed on the structure.

The base-moment of the base-isolated#2 building was significantly less than that of the fixed-
base (54-62% reduction), however, more than the original base-isolated building setup (63-
71% reduction). That is mainly due to the higher base-isolators which increased the moment
resisted at the base, also due to the lower number of the isolators. None of the CRuC base-
isolators reached their ultimate/maximum moment capacity.

Figure 5.31 and 5.32 compare the maximum base-shear and base-moment recorded for the

fixed-base building, and the two base-isolated buildings.
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Figure 5.33 and 5.34 show the time-history base-shear and base-moment, respectively.
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Figure 5.33: Time-history base-shear response in kN (base-isolated#2)
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Figure 5.34: Time-history base-moment response in kNm (base-isolated#2)
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5.4 CONCLUDING REMARKS

The CRuC-EQ building discussed in Chapter 4 was mounted on four columns made of CRuC,
which were supposed to act as base-isolators. However, for the first four PGA excitations
(0.14,0.2,0.28, and 0.49), the drift in the base-isolated building (CRuC-I1SO) was larger than
that of the fixed-base building (CRuC-EQ) tested in Chapter 4. The main reason for that was
the damaged state of the superstructure in the CRuC-I1SO system; a much softer superstructure
meant higher displacement response. Also, the natural period of the CRuC-ISO system was
found to be on the plateau of the elastic response spectrum, which meant the response
amplification factor was much higher. During the 1.6g and 2.0g PGA tests, the CRuC base-
isolators were pushed towards the linear hardening phase of their hysteresis behaviour, due to
the large applied ground acceleration. This reduced the isolators’ stiffness and hence shifted
the natural period of the system; 0.76 and 1.2 s after the 1.6g and 2.0g tests, respectively. This
in turn reduced the response acceleration and imposed displacement of the structure, when
compared to the fixed-base experimental results (CRUC-EQ in Chapter 4).

The response of a fixed-base building, was compared to the response of the same building with
two different base-isolation systems made of CRuUC. In both isolated buildings, the response
was better than the fixed-base, in terms of IDR, roof acceleration and displacement, and base-
shear and moment. As the softer CRuC isolation system was able to shift the natural period of
the initial system to a longer period, the building with less CRuC isolators and 20% larger
height exhibited a significantly better performance than the stiffer base isolation system design.
The results of these simulations provide enough evidence that a base-isolation system made of
CRuC is feasible. While the proof-of-concept of such a system was provided, the design and
optimisation of each system should be, site, and structure specific, and should be addressed in
future research. Furthermore, the direct displacement-base design method may be used to

obtain the required stiffness of the isolators, based on a target design displacement.
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6.1 SUMMARY AND CONCLUSIONS

The main aim of this research work was to examine the behaviour of CRuC in structural
elements with high deformation demand. A series of experimental tests, both monotonic and
dynamic, were carried out along with complementary numerical and analytical modelling to
evaluate the performance of CRuC short columns and base-isolators. This section summarises
the main aspects of this research work and draws the main conclusions from the relevant

chapters.

6.1.1 Behaviour of CC short columns

The behaviour of CC short columns was examined experimentally by testing two equivalent
buildings. One building was tested under monotonic lateral loading, while a similar building
was tested on a shake table under dynamic loading. Both buildings failed at the location of the
short columns in a brittle shear failure. The crack pattern that developed in the short columns
of both tests was similar, thus confirming the development of a similar load transfer mechanism
(ie. compression strut and tie). The results from these experimental test phases were used to
develop a strut-and-tie macro element, which was then implemented in a series of analytical
models.

At the point of failure of the CC-STC short columns, there were no signs of damage to any
other structural elements. Similarly, the CC-EQ building showed no signs of yielding in the
steel before reaching the PGA excitation that caused collapse. The latter can also be inferred
from the relatively small increase in the natural period of CC-EQ with test progression. This is
mainly due to the relatively high stiffness of the short columns, which attracts higher load, and
limits the global deformability of the building, which in turn prevents the utilization of the
resistance of other structural elements in the building. The CC-STC building reached its peak
capacity at a drift ratio for the short columns of 1.5%, which is equivalent to 0.37% for the

unrestrained column.
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6.1.2 Behaviour of CRuUC short columns

A one-bay one-storey building with short columns made of CRuC was tested dynamically on
a shake-table. The CRuC-EQ building was softer than its CC-EQ counterpart due to the low
stiffness of the rubberised concrete, which led to a slightly higher roof displacement. The
building was able to withstand all the excitations of the seismic load protocol, up to 2.0g PGA,
after which the test had to be halted as the limit of the table was reached.

The stiffness of the CRUC-EQ building after the 1.60g and 2.0g PGA tests was 3.9 and 3.8
kN/mm, respectively. This indicates that the CRuC short columns developed a bilinear
hysteresis behaviour as described in the four-phase model discussed in Chapter 3. The natural
period of the CRUC-EQ building after the end of the testing was 4.4 times the undamaged
period.

The CRuC short column sustained a maximum drift of 7.7% during the 2.0g PGA test, which
supports the hypothesis of using CRuC in high ductility/deformability demand regions of the

structure.

6.1.3 Numerical and analytical modelling of short columns

A FE model of the CC-STC building was built and validated against the experimental results.
Good agreement was found in the global behaviour of the building, as well as the local stress
concentration (ie. strut formation) in the short column. To overcome the high computational
cost of FE models, a STM was proposed to simulate the behaviour of short columns and carry
out comprehensive dynamic analyses. The model was implemented in OpenSees and was
validated against the experimental results obtained from the test on the CC-STC building.
The FE model was then modified to replace the CC in the short column with RuC and confine
it, explicitly, with AFRP sheets. The SCME was also modified to account for CRuC material,

making use of constitutive models for CRuC. The lateral response of the frame with CRuC
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short columns could be summarised in a four-phase model: an Elastic phase (1), a Transition
phase (I1), a Linear hardening phase (111), and finally a Yielding phase (V).

The analytical model was then validated against shake-table tests on buildings with CC and
CRuC short columns. Good agreement was achieved, which demonstrates the seismic analysis
capability of the developed SCME.

The FE models and analytical STM allow for parametric studies to be performed on the
different percent replacement of rubber, or number and type of layers of FRP.

Guidelines on how to determine the geometry and dimension of the elements of the STM
(SCMEs) were presented and a strength reduction formulation was also proposed to account

for the effect of the inclination of the strut on its strength (for CC and CRuC).

6.1.4 Base-isolation using CRuC elements

6.1.4.1 Experiment: CRuC-1SO
The CRuC-EQ building was retrofitted and mounted on top of four circular columns made of
CRuC which constituted the base-isolation system. The CRuC base-isolators were able to
safely undergo 10% drift (60 mm displacement), and up to 17.6% drift during the 2.0g PGA
that caused the rupture of the AFRP. The maximum recorded AFRP strain during the 2.0 PGA
test was 1.16%. The isolators were able to reduce the roof acceleration and displacement by a

factor of 0.61 and 0.70 as compared to the fixed-base response (for the PGA=2.0g level).

6.1.4.2 Analytical comparative evaluation
Although the CRuC-I1SO experiment proved the base-isolators to be highly ductile/deformable,
due to the nature of the setup and using pre-tested building, a direct comparison between fixed-
base and base-isolated buildings was not possible. To gain additional insights, an analytical
model was built to examine the seismic response of a reinforced concrete frame designed
according to EC8, with a fixed base and with a base-isolation system made of a series of CRuC

slender columns.
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The base-isolated building’s natural period was 21% longer than that of the fixed-base. As the
damage was mainly concentrated in the base-isolators, the GDI of the superstructure of the
base-isolated solution ranged between 0.18-0.42, while a higher GDI (0.46-0.69) was observed
for the fixed-base building. The inter-storey drift of the base-isolated building was up to 25%
less than that of the fixed-base. The base-shear was also less, between 18-25%, for the base-
isolated building and the base-moment was reduced by 71%.

Due to the significantly less base-moment and shear demand on the first design of the base-
isolation system, a second, softer, design was analysed. The softer system was achieved by
increasing the height of the isolators to 1.8 m, and decreasing their number to 13 isolators. The
overall performance of the softer base-isolation system was better than the initial design. The
new T was 58% longer than that of the fixed-base. The damage measured through the GDI
ranged between 0.08-0.25. More noteworthy was the reduction in IDR, up to 67%, as well as
the roof displacement, up to 65%. The base-shear and base-moment were also reduced, up to
32% and 62%, respectively.

The experiment and analytical models in Chapter 5 prove that CRuC can be used as a cost-

effective alternative to conventional base-isolating systems.
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6.2

RECOMMENDATIONS FOR FUTURE WORK

This section outlines recommendations for future research work related to this thesis.

6.2.1

1)

2)

3)

Elements with high shear and deformation demand

This research work provides an experimental and numerical proof-of-concept that
CRuC can be used in structural elements that have a high shear demand and need to
accommodate large deformations. While short columns are one example of these
elements, there are other scenarios where CRuC could replace CC to solve the problem
of brittle failures. One such example would be in the short-beam section of eccentrically
braced frames. Experimental tests should be carried out to validate the feasibility of
constructing such an element out of CRuC, while the numerical and analytical models

developed in this thesis can be easily extended to fit similar structural elements.

A parametric study could be performed using the SCME described in this thesis to study
the effect of different types of confinement, number of layers of FRP sheets, and

different rubber replacement percentage.

The SCME analytical model implemented in OpenSees could be used to model a full-
scale building with multiple storeys with short columns on all or some of the storeys.
While the benefit of CRuC short columns over CC ones was proven in this thesis, the
global performance of a multiple-bay multiple-storey building needs to be studied to
further the effect of CRuC short columns, and propose design guidelines for using this

novel solution in buildings.
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6.2.2

Design and optimisation of CRuC base-isolators

The key idea behind a base-isolation system is to shift the global structural period to longer

periods where the response accelerations are reduced, at the expense of larger displacements.

However, the displacements are ensured to be contained in the base-isolating

system/foundation where they are able to accommodate for large drifts. To ensure this period

shift is efficient, the base-isolators have to be relatively soft.

1)

2)

3)

This research work uses a RuC material with 60% by volume replacement of aggregates
with rubber crumb and finer particles. One way to ensure a softer CRuC base-isolator
IS to use higher percentage of rubber replacement, which would lower the young’s
modulus of the RuC as well as its strength. However, with adequate confinement, the

strength could be restored to acceptable levels, while maintaining high deformability.

Another way to create a soft foundation for base-isolation is to reduce the number of
the base-isolators. The work presented in Chapter 5 proved that the CRuC base-
isolation foundation reduces the shear and moment demand significantly, and this
means that less base-isolators are needed. This opens up the research work to be done
on properly designing the base-isolator cross-section on an individual level, as well as
the global design pertaining to the number of base-isolators and their distribution at the

foundation level.

The base-isolation system investigated in this thesis was completely made of CRuC
base-isolators, ie. a full replacement of a typical lead rubber bearing system. It is worth
investigating a combination of systems that comprise CRuC base-isolators alongside
other damping devices such as viscous dampers. The latter will ensure high damping of
the system, while the low stiffness and high deformability of the CRuC base-isolators

will keep the system stable. Another hybrid system could include LRB with CRuC base-
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isolators, or a friction pendulum with CRuC. All of these options could have special
merits over the others, with the high ductility of CRuC being the common factor with

all of them.
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Material related to Chapter 3
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Al: MESH INSENSITIVITY VERIFICATION

To check that the concrete material model used produces results that are near mesh independent,
a 150x150 mm cube with three different mesh sizes — 25, 50, and 150 mm — was simulated
under uniaxial tension (displacement control).

Table Al.1 shows the parameters of the model outlined by Alfarah et al. (2017), which were
calculated for the concrete properties described in Chapter 3. An iterative procedure is

performed to obtain the value of “b”, which is a constant equal to the average of plastic
compressive strain (? l) divided by the inelastic compressive strain (¢i*). The latter is part of

the compressive constitutive model used in Alfarah et al.’s model in this study, and it was

originally developed by Kréatzig and Polling (2004) (Alfarah et al., 2017; Kratzig & Polling,

2004).
Table A.1: Parameters for defining the concrete material model in Abaqus
Leq fcm fct GF GC
MeshID 1)  (MPa) (MPa) (N/mm) (N/mm) 2 @ @ b b
Fine 25 37 3.3 0.13 13 0.95 7.87 1 103 885
Medium 50 37 33 0.13 13 0.89 7.87 1 208 1770
Coarse 150 37 33 0.13 13 0.64 7.87 1 623 5310

The parameters in Table A.1 are used to generate the CDP material model relation in
compression and in tension, which was used as input to the cube material. L., is the
characteristic length of the finite element, and in the case of a cubic brick element it is equal
the length of the side. a,, a;, b, and b, are dimensionless parameters used in the definition of

the model parameters and iteration.
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Fine Mesh (25 mm) Medium Mesh (50 mm) Coarse Mesh (50 mm)

Figure A. 1: Load and boundary condition of the cube numerical test

The constitutive stress-strain relationships are in terms of L., which means different mesh

sizes will have different shape for the material input, to give the precise energy (crushing or

cracking) per one finite brick element. Figure A.2 shows the material input for this mesh

insensitivity verification.
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The load-displacement of the cube tensile analysis are shown in Figure A.3. The results are

compared against the closed-form solution of this exercise. The closed-form solution provides

the theoretical exact response of such a cube under pure uniaxial tension; it can be derived from

equation A.1:

o (w w3l _.» w
- [1 " (Clﬁ) le Pwe — — (1 + e

c

G
w, = 5.14—
t

(A1)

(A.2)

where w is the crack width, wc is the critical crack opening, c1 and c2 are cohesion parameters

given by Hordijk (1992) as 3, and 6.93, respectively (Hordijk, 1992).
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Figure A. 3: Load-dispalcement of the cube tensile analysis
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A good agreement can be seen between the closed-form solution and the results of the various
mesh size analysis. Figure A.4 below shows the damage in tension in the three cubes with
different mesh sizes. For the fine and medium mesh, a single plane of elements reached the

maximum permissible tensile damage indicating the crack plane.

DAMAGET

(Avg: 75%)

+0.990e-01
+9.158e-01
+8.326e-01
+7.494e-01
+6.663e-01
+5.831e-01
+4.999¢-01
+4.167e-01
+3.335e-01
+2.503e-01
+1.671e-01
+8.396e-02
+7.789¢-04

z

A

X ¥

Figure A. 4: Damage in tension for the fine, medium, and coarse mesh
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A2: SIMPLIFIED STM NODE POSITIONING FOR THE SCME

The research work on the SCME developed in Chapter 3 of this thesis included information
gathered from FEA performed using Abaqus. The latter allowed for extra precision in the
location of the centroid of the nodes, however, a more straightforward approach can be taken
for general design procedures that do not require FE modelling.

Figure A.5 shows a schematic of the top and bottom nodes as well as the strut formation in a
short column. The centroid of the bottom node can be taken along the top of the infill level,
with the width w1 taken as the neutral axis depth at the yielding moment of the column (same
as wy, g in section 3.4.2). The centroid of the top node can be taken as the intersection of the
bottom longitudinal reinforcement of the beam, with the longitudinal reinforcement of the
column opposite to the bottom node. The width of the top node can be taken as twice the
distance from the centreline of the reinforcement to the concrete face (same as wy, j, in section

3.4.2).
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Figure A. 5: Schematic of the top and bottom node of the strut within a short column
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A3: CONFINED STRENGTH RATIO USING MANDER’S CONFINEMENT MODEL
Mander et al.’s model (Mander et al., 1988), provides a framework to determine the confined
strength ratio for rectangular sections based on the lateral confining stresses. The following is
a worked example to get the ratio that was used in Chapter 3.

Due to symmetry of the square cross-section, only the calculation for the confining stresses in
the x-direction are shown, and by symmetry they are equal to the ones in the y-direction.

Number of transverse shear bars running in the x-direction A,

i (A1)
4

where n,, is the number of transverse shear bars in the cross-section along the x-direction (= 2),

and d,, is the diameter of confining hoops in the x-direction (= 4 mm). A,, = 25 mm?2.

The area ratio of transverse reinforcement in the x-direction, p,:

A, 25
= = = 0.0024 A2
P =G5~ 106100 >0 (A2)
d,=b—2-cover —dg, = 150 — (2-20) — 4 = 106 mm (A3)

where d.. is the core dimension to centrelines of perimeter hoop in y-direction (=b, dimension
in the x-direction), and s is the centre-to-centre spacing of the transverse reinforcement and is
equal to 100 mm.

The confinement effectiveness coefficient K, :

K, = (A4)

Ac
ACC
where A, is the area of effectively confined concrete core, and A, is the area of the confined

concrete within the core of the cross-section.
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For one single rectangular shear hoop, without middle links, A, is:

! !

(1 - 2d

A, = (d¢ - b)(1— =

20, ) (A5)

Where s’ is the clear spacing between two stirrups and is equal to (100-4=96 mm). Hence,
A, = 3364 mm?2.

Ace = Ac(1 — pee) (A6)
where A, is the area of the core section assumed to be defined by the centreline of the
longitudinal reinforcement, and p,.. is the ratio of area of longitudinal reinforcement to the area

of the core section.

For 6 longitudinal bars, each with a diameter of 14 mm:
A, = (150 —2- (20 + 4 + 7))? = 7744 mm?

2

A.=7744(1 6-m7
cc 7744

> = 6820 mm?

Therefore, K, = 0.49.

The lateral pressure from the transverse reinforcement in the x-direction fi,:

fisx = Px * fsy = 0.0024 - 255MPa = 0.61 MPa (A7)

The effective lateral confining pressure in the x-direction f,:

fiox = fisx * Ko = 0.61-0.49 = 0.29 MPa (A8)
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The confining stress ratio in the x-direction equals that in the y-direction:

flsx/ﬁ:m = fls)’/fcm = 0.29/19 = 0.015 (A9)

Using the correlation given in Mander et al., 1988, between the two confining stress ratios in

the x- and y-directions, the confined strength ratio ¢ is obtained graphically as shown in Figure

A6 below and found to be ¢ = 1.1:

Confined Strength Rotio

g
S ; 1.0, 4 1.5 2.0
DI ] S — \ ?
9 A'NN |
‘-é \".‘\‘\ i
) AR |
\ [
5 O RN
¥ \"\ LAY
7 ANA
D o +H H\h b
< 0.2 '. A
S '.. N
S "., VALY
Biaxial |
» '
7]
> 0.3 , . \
3 00015 QOf 02 03

Smallest Confining Stress Ratio fis, /

cm

Figure A. 6: Confined strength determination from lateral confining stresses for rectangular sections based on Mander's

confinement model
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A4: CALIBRATION OF THE SHAPE FACTOR r. IN CHANG AND MANDER’S
CONCRETE STRESS-STRAIN MODEL
Equation A10, developed by Tsai and implemented in Chang and Mander’s model, gives the

stress-strain relation for unconfined concrete (Chang G. A. & Mander, 1994; Tsai, 1988).

nx

Y= T xTc (A10)
_ c
1+(n rc—l)x+r—1

X = (A11)

gcm
_ % (A12)

Y o

€. and o, are the compressive strain and stress, respectively. &, is the compressive strain at
peak stress. n and r, are parameters that control the shape of the stress-strain curve and are

defined by Chang and Mander as follows.

n=—- (A13)

po=lm g (A14)

Formulae A10-A14 provide the cylinder full stress strain given the peak strength and strain.
Palmquist and Jansen developed equation (A15) for post-peak strain that takes into account the

aspect ratio of the element under compression (Palmquist & Jansen, 2001).

_ Oc — fcm) Hp 1 (fcm )M Hp (A15)
8_(8”’”’ g Ju vl V) m
Hp = H —H, (A16)
Hy =W (2 _ i) (AL7)
fem
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H is the height of the specimen, Hj, is the height of the damage zone in the specimen, and Hgis

the height of the bulk zone beyond the damage zone (Figure A.7).

A
He/2 <«—}) Bulkzone
H| R Rt pamage zone
v

Figure A. 7: Definition of the compression damage zone according to Palmquist and Jansen

M, N, and V are empirical constants calibrated for each type of concrete based on the full stress-
strain curve.

Palmquist and Jansen’s post-peak strain model was calibrated to fit the stress-strain curve of
Chang and Mander for a standard 100x200 mm cylinder (see Figure A.8, for r, = 5.2). The
empirical constants were found to be equal 0.145, 0.992, and 225 for M, N, and V, respectively.
The post-peak behaviour was then modified according to the aspect ratio of the strut, which
was calculated based on the equivalent diameter of the rectangular area, equal to 97 mm, and
an element length of 358 mm. The shape factor r,. was then calibrated to fit the new post-peak

behaviour for the strut (see Figure A.8, for . = 10).
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ConcreteCM (rc=5.2) ~ ====- Post Peak Curve (Cylinder)
ConcreteCM (re=10) — — —Post Peak Curve (Strut)

Compressive stress (Mpa)

0 0.002 0.004 0.006 0.008 0.01
Compressive strain (mm/mm)

Figure A. 8: Calibration of the Shape Factor (rc) in Chang and Mander’s compressive stress-strain model to account for the

slenderness ratio of the concrete strut
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A5: THE AXIAL, LATERAL, AND SHEAR STRESS-STRAIN BEHAVIOUR OF CRUC

Figure A.9-a describes the shear stress-strain behaviour of RuC and CRuC. The latter was

obtained from an experimental setup on rectangular prismatic samples under asymmetric shear

loading (see Figure A.9-b,c) (Wang et al., 2019).

Shear stress ©

Conventional
Concrete

Conventional
Concrete

i
(@) (b)
! /s 1l |
wl - — — —
G
O — = ‘
— -
— |
Ter / ‘
/ ‘ ‘
/
T G| |
Nl | _
Yer Vp Vi

Yeu Shear strain y

Figure A. 9: (a) Shear stress-strain model for CRuC, (b) Asymmetric shear test configuration, and (c) Asymmetric shear test

of CRuC with Carbon FRP

Figure A.10 describes the axial and lateral stress-strain model for CRuC. The latter constitutive

model was calibrated based on

(Raffoul et al., 2019).

fCTC

38 cylinders of confined RuC under uniaxial compression

fe

Lateral

Axial

&c

Eccl 0 & Ecrc

Figure A. 10: Schematic axial and lateral stress-strain behavior of CRuC
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A6: FEMA 356 IDEALISED FORCE-DISPLACEMENT CURVE

FEMA 356 proposes a method of producing an idealised force-displacement curve from lateral
pushover experiments, which allows for a unified way of determining the yield point of
structures. Knowing the structure yield point, and choosing the ultimate point, a measure of
ductility can be taken and is comparable to other structures. Figure A.11 describes the FEMA
356 idealisation process via balancing the area between the actual and idealised curve.

‘ Approximately balance
areas above and below

Oy

Figure A. 11: FEMA 356 idealised force-displacement curve

The process was applied on the lateral force-displacement results obtained from the OpenSees
analysis using CRuC (see section 3.5.2). The area balance was achieved using the “Goal seek”

function in Microsoft Excel.
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Figure A. 12: FEMA 356 force-displacement idealisation curve for the CRuC-1L SCME analysis
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Figure A. 13: FEMA 356 force-displacement idealisation curve for the CRuC-2L SCME analysis
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Figure A. 14: FEMA 356 force-displacement idealisation curve for the CRuC-3L SCME analysis
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Material related to Chapter 4
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B1l: APPLICATION OF THE FRP TO THE CONCRETE SURFACE

In order to have rounded corners along the columns’ height where FRP is to be placed, round
battens, 450 mm long with a radius of 25 mm, were attached to the top corners of the casting
formwork.

The following steps were taken to apply the FRP to the concrete surface of the building:

1) The concrete surfaces (450 mm top span of the columns, and the 400 mm in the X and
Y direction at each joint) were wire brushed to scratch the surface. Then, the surfaces
were blasted with air to clean any dust and debris and then dried for better adherence.

2) A layer of primer was then applied on the surfaces, followed by a coat of epoxy resin,
in order to seal the concrete surface.

3) Three layers of AFRP were wrapped around the top 300 mm of the columns, with the
final overlap being placed on the outer side of the column transverse to the shaking
direction. A two-component epoxy resin was rolled over every layer during wrapping
to insure proper impregnation.

4) Two layers of AFRP were wrapped around the 150 mm span of the column below the
short column level.

5) One layer of CFRP, 800 mm in length, was bonded horizontally to the beam-column
joints. A small strip of CFRP was bonded vertically to the ends of each 800 mm sheet
to prevent premature debonding at the ends.

6) All laid out sheets were rolled over in the direction of the fibres with a roller to remove
any trapped air and align the fibres in the corresponding load resisting orientation.

7) A final layer of epoxy resin was applied to all the sheets.
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B2: SHAKE-TABLE CHARACTERISTICS

The ANCO R250-3123 shake-table was used, which is a tri-axial vibration shake-table driven

by three servo-hydraulic actuators.

Characteristics of the shake-table:

Table size: 3.05%3.05 m

Three 70 ton servo-hydraulic actuators with 6 ball joints to deliver the tri-axial motions
(2 horizontal and 1 vertical).

Three torque tubes with 18 ball joints to guide table motion and prevent pitch, roll, and
yaw motion.

Displacement range: £ 150 mm

Peak velocity: 0.8 m/s

Peak acceleration (with a 10 ton test specimen): 3.0 ¢

Digital iterative acceleration controller to achieve desired acceleration signal

Figure B. 1: ANCO R250-3123 shake-table
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B3: TIME HISTORY RESULTS OF CC-EQ AND CRUC-EQ SHAKE-TABLE TESTS

The following are the time history results of the shake-table tests performed on the CC-EQ and

CRuC-EQ buildings.

Results of the CC-EQ shake-table tests
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Figure B. 2: Roof displacement time history of the CC-EQ building (PGA=0.14g)
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Figure B. 3: Roof displacement time history of the CC-EQ building (PGA=0.20g)
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Figure B. 4: Roof displacement time history of the CC-EQ building (PGA=0.28g)
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28 32

CC-EQ PGA=0.28g
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Roof Displacement (mm)
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Figure B. 5: Roof displacement time history of the CC-EQ building (PGA=0.40g)
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Figure B. 6: Roof displacement time history of the CC-EQ building (PGA=0.80g)
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Figure B. 7: Roof displacement time history of the CC-EQ building (PGA=1.609)
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Figure B. 8: Roof acceleration time history of the CC-EQ building (PGA=0.14q)
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Figure B. 9: Roof acceleration time history of the CC-EQ building (PGA=0.20g)
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Figure B. 10: Roof acceleration time history of the CC-EQ building (PGA=0.28g)
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Figure B. 11: Roof acceleration time history of the CC-EQ building (PGA=0.40g)
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Figure B. 12: Roof acceleration time history of the CC-EQ building (PGA=0.80g)
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Figure B. 13: Roof acceleration time history of the CC-EQ building (PGA=1.60g)
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The figure below (taken from Chapter 4) is for reference and gives the location and name of

the strain gauges located on the reinforcement.
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Figure B. 14: Strain gauge location on the steel reinforcement
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Figure B. 15: Time history strain for CC-EQ column longitudinal reinforcement (SG-1)
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Figure B. 16: Time history strain for CC-EQ column longitudinal reinforcement (SG-2)
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Figure B. 19: Time history strain for CC-EQ column shear reinforcement (SG-5)
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Results of the CRUC-EQ shake-table tests
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Figure B. 22: Roof displacement time history of the CRuC-EQ building (PGA=0.14g)
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Figure B. 23: Roof displacement time history of the CRUC-EQ building (PGA=0.20g)
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Figure B. 24: Roof displacement time history of the CRUC-EQ building (PGA=0.28g)
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Figure B. 25: Roof displacement time history of the CRuC-EQ building (PGA=0.40g)
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Figure B. 26: Roof displacement time history of the CRuC-EQ building (PGA=0.80g)
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Figure B. 27: Roof displacement time history of the CRUC-EQ building (PGA=1.60g)
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Figure B. 28: Roof displacement time history of the CRuC-EQ building (PGA=2.0g)
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Accelerations
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Figure B. 29: Roof acceleration time history of the CRUC-EQ building (PGA=0.14g)
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Figure B. 30: Roof acceleration time history of the CRuC-EQ building (PGA=0.20g)
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Figure B. 31: Roof acceleration time history of the CRuC-EQ building (PGA=0.28g)

® 0.83 CRuC-EQ, PGA=0.40g

G -0.89

4 8 12 16 20 24 28 32
Time (s)

Figure B. 32: Roof acceleration time history of the CRuC-EQ building (PGA=0.40g)
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Figure B. 33: Roof acceleration time history of the CRuC-EQ building (PGA=0.80g)
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Figure B. 34: Roof acceleration time history of the CRUC-EQ building (PGA=1.60g)
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Figure B. 35: Roof acceleration time history of the CRUC-EQ building (PGA=2.0g)
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Strains (steel reinforcement)
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Figure B. 36: Time history strain for CRUC-EQ column longitudinal reinforcement (SG-1)
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Figure B. 37: Time history strain for CRUC-EQ column longitudinal reinforcement (SG-2)
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Figure B. 38: Time history strain for CRUC-EQ column longitudinal reinforcement (SG-3)
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Figure B. 39: Time history strain for CRUC-EQ beam longitudinal reinforcement (SG-8)
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Figure B. 40: Time history strain for CRUC-EQ column shear reinforcement (SG-5)
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Figure B. 41: Time history strain for CRUC-EQ column shear reinforcement (SG-6)
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Figure B. 42: Time history strain for CRUC-EQ column shear reinforcement (SG-7)
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Figure B. 43: Time history strain for CRUC-EQ AFRP confinement in X-direction (SGext-X)
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Figure B. 44: Time history strain for CRUC-EQ AFRP confinement in Y-direction (SGext-Y)
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Material related to Chapter 5
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C1l: TIME HISTORY RESULTS OF THE CRUC-ISO SHAKE-TABLE TEST

The following are the time history results of the shake-table tests performed on the CRuC-1SO

building.
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Figure C. 1: Base-isolator drift time history for the CRuC-1SO building (PGA=0.149)
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Figure C. 2: Base-isolator drift time history for the CRuC-1SO building (PGA=0.209)
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Figure C. 3: Base-isolator drift time history for the CRuC-1SO building (PGA=0.28g)
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Figure C. 4: Base-isolator drift time history for the CRuC-1SO building (PGA=0.40g)
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Figure C. 5: Base-isolator drift time history for the CRuC-1SO building (PGA=0.80g)
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Figure C. 6: Base-isolator drift time history for the CRuC-1SO building (PGA=1.609)
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Figure C. 7: Base-isolator drift time history for the CRuC-1SO building (PGA=2.0g)
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Short column drift (top of superstructure)
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Figure C. 8: Short column drift time history for the CRuC-1SO building (PGA=0.14g)
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Figure C. 9: Short column drift time history for the CRuC-1SO building (PGA=0.20g)
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Figure C. 10: Short column drift time history for the CRuC-1SO building (PGA=0.28g)
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Figure C. 11: Short column drift time history for the CRuC-1SO building (PGA=0.409)
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Figure C. 13: Short column drift time history for the CRuC-1SO building (PGA=1.609)
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Figure C. 14: Short column drift time history for the CRuC-1SO building (PGA=2.0g)
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Accelerations at the top of the base-isolators
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Figure C. 15: Base-isolator acceleration time history of the CRuC-ISO building (PGA=0.14g)
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Figure C. 16: Base-isolator acceleration time history of the CRuC-I1SO building (PGA=0.20g)
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Figure C. 17: Base-isolator acceleration time history of the CRuC-I1SO building (PGA=0.28g)
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Figure C. 18: Base-isolator acceleration time history of the CRuC-1SO building (PGA=0.409)
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Figure C. 19: Base-isolator acceleration time history of the CRuC-I1SO building (PGA=0.80g)
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Figure C. 20: Base-isolator acceleration time history of the CRuC-I1SO building (PGA=1.60g)
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Figure C. 21: Base-isolator acceleration time history of the CRuC-I1SO building (PGA=2.09)
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Accelerations at the top of the building (roof accelerations)
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Figure C. 22: Roof acceleration time history of the CRuC-1SO building (PGA=0.14g)
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Figure C. 23: Roof acceleration time history of the CRuC-1SO building (PGA=0.20g)
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Figure C. 24: Roof acceleration time history of the CRuC-1SO building (PGA=0.28g)
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Figure C. 25: Roof acceleration time history of the CRuC-1SO building (PGA=0.40g)
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Roof acceleration (g)

Roof acceleration (g)

2.4
16
0.8

-0.8
-1.6
-2.4

2.1
1.4
0.7

-0.7
-1.4
-2.1

®1.79 CRuC-ISO, PGA=0.80g

b -1.86
4 8 12 16 20 24 28 32
Time (s)

Figure C. 26: Roof acceleration time history of the CRuC-1SO building (PGA=0.80g)
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Figure C. 27: Roof acceleration time history of the CRuC-1SO building (PGA=1.60g)
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Figure C. 28: Roof acceleration time history of the CRuC-1SO building (PGA=2.0g)
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Strain gauge recordings
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Figure C. 29: Strain time history of the base-isolator flexural reinforcement (PGA=0.14g)
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Figure C. 30: Strain time history of the base-isolator flexural reinforcement (PGA=0.20g)
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Figure C. 31: Strain time history of the base-isolator flexural reinforcement (PGA=0.28g)
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Figure C. 32: Strain time history of the base-isolator flexural reinforcement (PGA=0.40g)
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Figure C. 33: Strain time history of the base-isolator flexural reinforcement (PGA=0.80g)
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Figure C. 34: Strain time history of the base-isolator flexural reinforcement (PGA=1.609)
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Figure C. 35: Strain time history of the base-isolator AFRP jacket (PGA=0.14g)
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Figure C. 36: Strain time history of the base-isolator AFRP jacket (PGA=0.20g)
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Figure C. 37: Strain time history of the base-isolator AFRP jacket (PGA=0.28g)
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Figure C. 38: Strain time history of the base-isolator AFRP jacket (PGA=0.40g)
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Figure C. 39: Strain time history of the base-isolator AFRP jacket (PGA=0.80g)
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Figure C. 40: Strain time history of the base-isolator AFRP jacket (PGA=1.60g)
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Figure C. 41: Strain time history of the base-isolator AFRP jacket (PGA=2.0g)
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C2: BUILDING DESIGN IN SAP2000
The following are snapshot figures that show the axial load, shear, and moment force acting on

the beams and columns from the dead, live, and elastic response spectrum analysis performed

in SAP2000.
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Figure C. 42: Axial force from the dead loads
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Figure C. 43: Axial force from the live loads
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Figure C. 44: Axial force from the elastic response spectrum analysis

208




Appendix C

© < -
~] = & | , [ ]
092 612 10 ~ V62 © ]
S o, - A ]
v6'2E [6282- N \ZL'€E |18/2- © \699€ |v608-N 699 | 9'le- © ]
5 | | 9 ]
z'8z|v6ze-o g/z|zLee w6 0E| 6995 \91E | 699¢-© ]
© - = = [ ]
50°9Z- o] 6227 7108 o | 6762 L]

-8

Figure C. 45: Shear force from the dead loads
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Figure C. 47: Shear force from the elastic response spectrum analysis
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Figure C. 48: Moment from the dead loads
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Figure C. 49: Moment from the live loads
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Figure C. 50: Moment from the elastic response spectrum analysis
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C3: SEISMIC RESULTS OF THE FIRST CRUC BASE-ISOLATION DESIGN
The following are the seismic results of the first CRuC base-isolation design, with 20 base-
isolating columns with a height of 1.5 metre. For reference, Figure C.51 of the building under

consideration from Chapter 5 is shown below.

4.5m 50m 4.5m
(a)
Roof
3.3m
Level 4
3.3m
Level 3
(b) 3 Layers
3.3m of AFRP
(t=0.6 mm)
Level 2
H10-100
3.6m 200 mm
Level 6H16
1. .
>m Foundation

Figure C. 51: a) Elevation view of the base-isolated building, and b) Cross-section description of the CRuC base-isolator

Natural period and global damage index

The global damage index (GDI) provides a quantitative method to assess the global damage
taken by a building after an earthquake by comparing the natural period of the structure before
and after the earthquake. This study uses the global damage index proposed by DiPasquale et

al. (Dipasquale et al., 1990).

7.\

where Ti and Tr are the natural structural period before and after the earthquake, respectively.
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A GDI value ranges between zero and one, with zero indicating no change in the natural period
and accordingly no damage to the structure, whereas a GDI value of one indicates theoretical
collapse of the building. Table 5.4 below shows the undamaged natural period of the two

buildings, the period after the application of the excitation record, and the corresponding GDI.

Table C. 1: Natural period evolution of the fixed-base and base-isolated building, and corresponding damage index

Fixed-base Base-isolated
PGA
Ti (s) T (S) GDI Ti (S) Tt (S) GDI
0.15¢ 0.643 0.873 0.458 0.778 0.858 0.178
0.30g 0.643 1.115 0.667 0.778 0.950 0.329
0.45¢ 0.643 1.152 0.688 0.778 1.023 0.422

The base-isolated building had an undamaged natural period of 0.778 s, which is 21% longer
than that of the fixed-base. This is generally more for other base-isolation systems, such as
lead-rubber bearings (LRB), due to the lower stiffness of the LRB base-isolators. Nonetheless,
this shift in the natural period reduces the response acceleration on the building. The GDI was
significantly higher for the fixed-base building for all the PGA excitations, which means that
the damage taken by the fixed-base building is higher than that of the base-isolated building
for the same level of excitation. The better performance of the base-isolated building can be
mainly attributed to the reduction in the response acceleration of the building due to the period
shift, and the damping properties of CRuC, as well as the localization of damage in the base-

isolators themselves, while reducing the damage taken by the superstructure.

216




Appendix C

Inter-storey drift ratio
Table 5.5 shows the maximum inter-storey drift ratio (IDR) at the various levels of the

superstructure for both fixed-base and base-isolated structure for all PGA excitations.

Table C. 2: Maximum inter-storey drift ratio for the fixed-base and base-isolated building

Fixed-base Base-isolated*
PGA Level1 Level2 Level3 Roof Level 1 Level 2 Level 3 Roof
0.15¢ 0.39 0.45 0.55 0.48 0.31(21%) 0.38 (15%) 0.46 (16%) 0.40 (17%)
0.30g 0.89 1.06 1.40 1.24 0.72 (19%) 0.88 (17%) 1.13(20%) 0.94 (24%)
0.45¢ 1.32 1.71 2.22 1.79 0.99 (25%) 1.33 (22%) 1.84 (17%) 1.32 (26%)

Drift ratio is in percent.
* The percent reduction in drift for the base-isolated building is shown in parenthesis.

The base-isolated building had between 15% to 25% less drift ratio compared to the fixed-base
building, for various floors and PGA excitations. There is no strong correlation between the
PGA level of the earthquake and the percent of reduction, however, more reduction in the drift
ratio is observed for the stronger earthquakes. The latter could be due to the softening of the
base-isolators at high deformations, which would mean more damping as well as smaller
response acceleration.

Eurocode 8 prevents excessive damage by limiting the permissible inter-storey drift ratio (IDR)
as shown in Equation 5.3:

d.v < a;h (5.2)

where dr is the storey drift calculated from the difference of the top and bottom storey
displacement at that storey, v is the reduction factor and is equal to 0.5 for buildings with
importance class I and II, ai is equal to 0.01 for buildings without non-structural elements, and
h is the storey height. Table 5.6 shows the values of (dr'v)/a values and the corresponding

check against the corresponding storey height.
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Table C. 3: Eurocode 8 inter-storey drift limitation check; values in table are (drv)/o

Fixed-base Base-isolated
PGA Level 1 Level 2 Level 3 Roof Level 1 Level 2 Level 3 Roof
(3.6 m) (3.3m) (3.3m) (3.3m) (3.6 m) (3.3m) (3.3m) (3.3m)
0.15g 0.70 v 0.74 v 091 v 0.79 v 0.56 v 0.63 v 0.76 v 0.66 v
0.30g 1.60 v 1.75 v 231V 2.04 v 1.29 v 1.45 v 1.86 v 1.55 v
0.45g 2.38 v 282 v 3.66 x 2.95 v 1.78 v 219 v 3.04v 2.18 v

(dr-v)/a values shown are in meters, and compared to 3.6 or 3.3 m depending on storey height.

The limitation of inter-storey drift of the fixed-base building is safe except for the level 3 storey
during the 0.45g PGA earthquake (150% of the designed for PGA). The base-isolated building
passes the inter-storey drift check for all levels and all PGA excitations applied.

Figure C.52 shows the time-history IDR of the third storey (Level 3), for the three PGA
excitations, along with drift limits as given by VISION 2000 (SEAOC, 1995). VISION 2000
specifies an IDR of 0.2% as fully operational (FO), 0.5% imposes minor damage to the building
but still operational (O), 1.5% is heavy damage with possible risk to life safety (LS), and an

IDR of 2.5% indicates the building is in a near collapse (NC) state due to severe damage.
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Figure C. 52: Time-history inter-storey drift of the third floor
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In general, the time-history response of the base-isolated building had less inter-storey drift.
However, few peaks were out-of-phase due to the different structural period and this led to
higher IDR for the base-isolated building at some instances. That being said, the maximum
drift recorded for all PGA excitations was always higher for the fixed-base building. Although
none of the buildings reached a near collapse condition, an IDR of 2.22% was reached at Level
3 of the fixed-base building, during the 0.45g PGA earthquake, which indicates heavy to severe

damage of the structure.

Maximum roof displacement and acceleration
Table 5.7 shows the maximum roof displacement relative to the ground level, and the

maximum roof acceleration for the fixed-base and base-isolated building.

Table C. 4: Maximum roof displacement relative to ground, and maximum roof acceleration

Maximum roof displacement (cm) Maximum roof acceleration
PGA Fixed-base Base- Ratio* Fixed-base Base- Ratio
Isolated Isolated
0.15¢ 5.35 4.55 0.85 0.39g 0.31g 0.79
0.30g 13.1 10.5 0.80 0.65¢ 0.51g 0.78
0.45¢ 20.8 17.1 0.82 0.84g 0.72g 0.85

*Ratio of the base-isolated building’s performance parameter to that of the fixed-base building.

The base-isolated building experienced, on average, between 15-20% less roof displacement
compared to the fixed-base building, as well as 15-22% less roof acceleration. The reduction
is more evident throughout the middle of the excitation time-history, which could be owed to
the CRuC base-isolators getting more activated at high accelerations.

Figure C.53 and C.54 show the time-history maximum roof displacement and maximum roof

acceleration, respectively.
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Figure C. 53: Time-history roof displacement relative to ground

Figure C. 54: Time-history roof acceleration
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Maximum base shear and moment
Table 5.8 shows the maximum base-shear and base-moment recorded for the fixed-base and

base-isolated buildings.

Table C. 5: Maximum base-shear and base-moment for the fixed-base and base-isolated building

Maximum base-shear (kN) Maximum base moment (KNm)
PGA Fixed-base Base- Ratio* Fixed-base Base- Ratio
Isolated Isolated
0.15g 338 263 0.78 728 213 0.29
0.30g 493 372 0.75 1003 301 0.30
0.45g 566 465 0.82 1005 376 0.37

*Ratio of the base-isolated building’s performance parameter to that of the fixed-base building.

The base-isolated building experienced, on average, between 18-22% less base-shear compared
to the fixed-base building. This is due to the reduced response acceleration of the base-isolated
frame, which reduced the inertial forces on the building.

The base-moment of the base-isolated building was significantly less than that of the fixed-
base, with a percent reduction ranging between 63-71%. This is attributed to the lesser
acceleration response of the base-isolated building, in addition to the fact that the system
comprising the CRuC columns and the ground beam behaves differently than the four main
columns at the ground floor. As such, the multiple columns sustained significantly less moment.
The initial design of the CRuC base-isolators was based on the equivalent moment capacity of
the superstructure ground columns, which was based on the linear elastic design using the
combined force demands of dead, live, and response spectrum load. Considering the results of
the base-moment obtained from the nonlinear time-history analysis, the base-isolating system
could be redesigned with less CRuC columns, as both the shear and moment demand was
reduced. Smaller number of base-isolator columns would mean an even softer base-isolating
system, which would cause a longer shift in the natural period, and hence, reduce the response

of the structure.
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Figure C.55 and C.56 show the time-history base-shear and base-moment, respectively.
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Figure C. 55: Time-history base-shear response in kN

800
Base-moment PGA=0.15g
400

-400 —— Fixed-base

---- Base-isolated
-800

1,200
800 301 Base-moment PGA=0.30g

400

-400
-800
-1,200

1,200
800 Base-moment PGA=0.45¢g

Base-moment (kNm)
o

400

-400
-800
-1,200

Time (s)

Figure C. 56: Time-history base-moment response in kNm
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